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Abstract  
 
Chlorine is the most popular secondary disinfectant used around the world and has a long history of 
use to achieve sufficient disinfectant level. It is economical and an effective disinfectant. Despite the 
benefits, the chlorinated distribution system water has been shown to contain harmful by-products in 
1974. Since then, water utilities not only have to maintain sufficient chlorine residual but also ensure 
the customers are not exposed to high amounts of harmful by-products.   
In the presence of dissolved organic matter (DOM), chlorine reacts with organic carbon and forms 
disinfection by-products (DBPs). Many of these compounds are considered toxic, and their 
concentration in drinking water needs to be limited to comply with the respective regulations. There 
are around 700 DBPs identified currently, but trihalomethanes (THM) are in the highest 
concentrations and is the regulated compound. This work focuses on THM, which include chloroform, 
bromoform, bromodichloromethane, and dibromochloromethane. Higher concentrations of these by-
products can potentially cause many illnesses including cancer and birth defects. Therefore, keeping 
a low concentration of these products in drinking water is important. 
Despite much research, one of the obstacles to adopting an appropriate method to control THM is the 
lack of predictive tools. At best, the most current methods measure the maximum THM formed - 
termed as the THM formation potential or THMFP - by artificially chlorinating the water at a very high 
initial chlorine concentration and incubate at 25oC for 72 hr. Water utilities experience varying 
retention times, temperature and thus have to dose varying chlorine levels depending on treated 
water quality and temperature. The THMFP does not represent the actual scenario where lower 
concentrations of chlorine are dosed, and various temperatures are experienced with various 
retention times.  
One of the methods suitable to translate into the actual scenario is to calculate the yield of THM 
formed per reacted chlorine. With the availability of an accurate chlorine prediction models in water 
supply systems, the yield can be easily used to calculate the THM concentration at any given point of 
a distribution system. To apply the yield concept for water distribution systems, it is important to 
establish the variability of the yield within the usual operating range, i.e., pH 7.5-8.5, different DOC 
levels, different water sources, bromide concentrations less than 500 µgL-1. 
Within the tested range, initial pH or DOC did not affect the yield, but initial bromide concentration 
highly affects the yield and the relative concentrations of each halogenated species. More 
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interestingly the DOC or bromide did not affect the molar yield of TTHM, but the fraction of each THM 
species remained constant after chlorination indicating that not only TTHM but also the individual 
species can be deterministically predicted at any point of a distribution system. The variable one has 
to know are the total amount of chlorine dosed into the water and the chlorine concentration at a 
given point and what was the bromide concentration. With the availability of accurate chlorine decay 
models, chlorine at any point in the water supply system can be predicted, and thus one can predict 
the concentration of THM. This approach also allows for modelling and prediction of THM under 
different operating regimes.  
Furthermore, bromide accelerated the chlorine decay rate, but at lower levels (Br<0.4 mg/L) the 
acceleration is not significant. 
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Chapter 1  
Introduction  
 
1.1 Background 
 
Drinking water has been disinfected since the beginning of the twentieth century in developed 
countries (von Gunten et al. 2001), and it is one of the most important steps in the water purification 
process. The disinfectant should be not only effective in preventing pathogenic diseases but also it 
should not be harmful to human health. Chlorine and chloramine are two major disinfectants used 
across the world. Due to its high effectiveness, low cost and availability all over the world, chlorine 
has become the most popular disinfectant.  
The findings that halogenated disinfection by-products (DBP) are formed during chlorination (Rook et 
al., 1974) and that they are potentially harmful to human health (Singer, 1999, Tian et al., 2013, Yang 
et al., 2015) have posed a challenge amongst scientists, utility operators, and regulators. Currently, 
around 700 DBP have been identified in drinking water chlorination conditions (Hansen et al., 2012). 
Chlorine reacts with dissolved organic and inorganic substances in water, resulting in the decay of free 
chlorine and the formation of the DBP. Chlorine reacts with the mostly reduced compounds such as 
metal ions, sulphur species, ammonia, nitrite and some other inorganic matters. The reaction of 
chlorine with NOM ultimately produces the DBP. Humic substances (HS) play a dominant role in DBP 
formation, and it is also the most abundant precursor in the environment (Gallard & von Gunten 
2002).  
The major DBP are trihalomethanes (THM), haloacetic acids (HAA), haloacetonitriles (HAN), 
haloketones, haloaldehydes, chlorinated phenols, chloropicrin, cyanogen halide and chloral hydrate 
(Hansen et al. 2012). As a fraction of the weight, THM is recognised to be the most abundant DBP 
produced from chlorination of NOM containing water, recording around 50% of all halogenated DBP 
(Lee et al. 2004). THM is therefore recognised to be one of the very important indicator species and is 
regulated.  
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When organic carbon reacts with chlorine (or any other oxidized halogen) halogens can attach to 
unsaturated bonds of organic carbon. When three halogens attach to one carbon atom, THM is 
formed. These halogens could be chlorine, bromine or iodine in natural conditions. Naturally, iodine 
is present in trace concentrations and hence chlorine and bromine primarily participate in 
halogenation reactions in natural water used for drinking water. Four major types of THM are 
chloroform (CHCl3), bromodichloromethane (CHBrCl2), dibromochloromethane (CHBr2Cl), and 
bromoform (CHBr3). The amount of THM formed at a point of a distribution system depends on 
several factors - mainly NOM (amount and characteristics), chlorine, reaction time, temperature and 
bromide level in the water. The amount of each THM species and the ratio between each species could 
depend on dissolved bromide level, chlorine concentration and characteristics of NOM (Tan et al., 
2016).  
Bromide level in water mainly depends on the geographical location of the natural water source and 
human activities. Being a continent with different geographical formations, the salt level in water 
varies greatly across Australia. In many Western Australian drinking water sources the bromide level 
ranges from 400 to 8450 µg/L (Guruchlik et al., 2014). Consequently, the impacts of bromide on 
chlorine disinfection and DBP formation have been subjected to intensive research.  
 
1.2 Major challenges 
 
Chlorination is still the most popular primary disinfection method despite other disinfection methods 
(e.g. advanced oxidation and chloramination) are increasingly used to avoid the regulated DBP 
formation in chlorinated supplies. THM is responsible for around 50% of total organic halides, while 
HAA is half that of THM concentration during chlorination (Brown et al. 2011) and hence both THM 
and HAA are regulated. 
Most of the research in the last five decades were based on the THM formation potential (THMFP) 
and the impact of different parameters on THMFP. Conceptually, THMFP measures the maximum 
amount of THM that could be formed when chlorine reacts with the content of the water under the 
worst possible condition. The samples are chlorinated with very high doses of initial chlorine (sufficient 
enough to have more than 0.5 mg-Cl2/L at the end of incubation) and incubated at around 25oC for a 
fixed period (7 days). The total THM concentrations at the end of the incubation period is measured 
and reported as THMFP. These experiments were recognised to be the standard for every research 
and utility operation. For example, upper DBP levels at customer taps are usually set by the regulatory 
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standards to be 100 µg/L, but the THMFP could reach around 250 µg/L, implying that water utility still 
has to assess the performance by measuring the actual amount of THM formed. If the measured THM 
is more than the regulatory level, then adjustments are made at the treatment plant or in dosing 
without any clear direction as to which is the correct strategy. This method restricted the 
understanding of actual THM in the full-scale systems as every system has its characteristics (retention 
time, temperature, bromide, NOM (concentration and characteristics) etc.). Therefore, the lack of the 
real-time applicable THM prediction method is the major challenge in the current approach (It is very 
important to find a widely applicable deterministic model so that THM could be appropriately 
controlled with minimal monitoring).  
All natural water sources contain some amount of bromide and NOM. When bromide and NOM 
containing water is oxidised by chlorine, increasing amounts of brominated DBP are formed. 
Brominated DBP are significantly more toxic than chlorinated ones, and hence brominated THM 
species are more strictly regulated than chlorinated THM species (Gruchlik et al., 2014, Jones et al., 
2012). The reduction of NOM, as well as bromide, will decrease the amount, and the toxicity of THM 
formed (Langsa et al., 2017). While there are many methods to reduce NOM, there is no successful 
method to reduce bromide (Sánchez-Polo et al., 2006), but the reduction of bromide did not gain as 
significant attention as that of NOM. On the other hand, the cost of NOM removal increases 
substantially when high removal of NOM is required (Korotta-Gamage and Sathasivan, 2017, McKie et 
al., 2015). If brominated species concentration can be accurately predicted based on raw water 
characteristics, it will pave the way for better control by investing rightly in the required treatment 
process.  
Furthermore, traditional research concentrated on a fundamental understanding of factors affecting 
THM formation in wide-ranging conditions, but with little practical oversight. For example, pH was 
varied between 5 and 10, although practical pH range is between 7 and 8.5. Whenever the THMFP is 
reported actual bromide or pH of the water is rarely reported, or little consideration of the actual 
amount of THM or species formed in a water supply system are discussed. All correlations of factors 
affecting THM formation were linked to THMFP.   
To develop a deterministic model of THM species, the “yield” – amount of THM (in µg) formed per mg 
of reacted chlorine could be utilised as indicated by limited number of researches (Fisher et al., 2004), 
especially that accurate chlorine decay models are available lately (Fisher, Kastl and Sathasivan, 2017). 
One big advantage of this method is that if one knows how much chlorine is dosed into the water, 
amount of THM formed at any point of water distribution system can be predicted. Furthermore, 
molar yield statistics can present the actual production of each THM species. However, how the yield 
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would change for different factors (pH, raw water DOC, bromide, retention time, source water NOM 
characteristics) relevant for actual water supply system conditions are not widely reported. From 
literature, it is evident the total THM could be predicted. However, the relative concentrations of all 
species could not be predicted. 
Similarly, the possible effect of bromide on chlorine decay is rarely discussed. If the prediction is made 
possible and is connected to practically relevant factors, the water utility can decide on where to 
spend the money. This thesis attempts to fill these gaps. 
In Australia, the range of bromide in water sources differs widely from area to area mainly due to its 
geological situation. A survey done using Western Australian drinking water sources has found that 
bromide concentration in them ranges from 400 µg/L to 8450 µg/L while DOC concentration ranges 
from 0.4 mg/L to 16 mg/L (Gruchlik et al., 2014). If the bromide concentration in drinking water is less 
than 50 µg/L, it is considered as low level while 110 µg/L is considered as moderate, 76-540 µg/L is 
moderate to high and around 700 µg/L has been described as very high.  
Considering the above facts, it can be stated that water treatment could get highly influenced due to 
the high bromide concentration in Australian water levels. Given that, in this research, a high level of 
priority is given to analysing the impact of bromide in the water treatment process.  
 
1.3 Aim and objectives  
 
The experiments in this thesis were designed to gather all the factors that affect the yield within the 
practical range of bromide, pH, DOC and initial chlorine dose with the view to predicting the 
concentration and individual species of THM (both brominated and chlorinated) formed at any time 
after dosing with chlorine. In developing the predictive model, the TTHM yield is used to interpret 
data. The specific aims of the research are; 
• To review the literature to identify the research gap; 
• To evaluate the impact of practically relevant levels of pH (7-8.5), DOC (2-10 mg/L), NOM from 
different water sources and initial chlorine dose (2-6 mg/L) on the yield; 
• To evaluate if both brominated and chlorinated species of THM could be predicted; 
• To demonstrate the yield as a real-time applicable method of predicting THM concentration 
in water; and  
• To understand how bromide concentration impacts on chlorine decay. 
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1.4 Research methodology  
 
The research is mainly focused on defining the relationship between THM and impacting parameters 
with the aid of TTHM yield. The experiments were carried out on surface water collected from six 
different water sources from different parts of Australia. Each water sample was tested for its 
dissolved organic carbon (DOC), UV, LC-OCD, pH, chlorine and bromide concentrations. Variety of 
sources provided water of varying DOC levels between 4 and 10 mg-C/L, and bromide levels between 
40 and 200 µg/L. The identified parameters that affect THM formation were varied. Chlorine was 
dosed at approximately 80% of DOC level in mg/L and incubated at room temperature. Chlorine 
concentration was measured at the suitable interval to track the chlorine profile. The concentrations 
of different THM species were measured at four points. Initial (before chlorine was dosed), at two-
third of dosed chlorine concentration, at one-third of chlorine concentration, and at the end when the 
chlorine has been consumed. The pH was varied between 7 and 8.5 and bromide concentration 
between 0.04 and 0.65 mg-Br/L by dosing additional bromide into the sample before chlorine was 
dosed. Results were analysed with the aim of developing a predictive relationship. 
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Chapter 2 
Literature review 
 
2.1 Introduction 
 
Natural water sources, especially surface water, could contain pathogens - microbes harmful to 
human health (Sadiq and Rodriguez, 2011). Since surface waters are used mostly as the source of 
drinking water, disinfection is vital before consuming. Disinfection is defined as eliminating disease-
causing agents - pathogens. Because, it is difficult to monitor individual pathogens indicator organisms 
are often monitored to determine the disinfection efficacy (Teksoy et al., 2008).  
Different disinfectants are used, and each disinfectant has different effectiveness (Sadiq and 
Rodriguez, 2011). Out of all disinfectants, chlorine is the most widely used disinfectant because of its 
high effectiveness and low cost. Chlorine can effectively kill many harmful bacteria and prevent water-
borne diseases such as cholera, dysentery, and typhoid (von Gunten et al., 2001, Teksoy et al., 2008). 
Even though chlorine has a lot of advantages, the generation of DBP is a major drawback. This DBP are 
generally considered as hazardous to human health. Among many DBP of chlorine disinfection 
process, this research is focussing on THM. More details are provided below starting from exploring 
different disinfectants. 
 
2.2 Disinfectants used in water treatment   
 
Due to the high tendency of forming DBP during chlorination, scientists have focussed on using 
alternative disinfection methods to reduce harmful by-products. There are numerous disinfectants 
used in water including chlorine, ClO2, O3, chloramines, ultraviolet radiation (UV), potassium 
permanganate (Teksoy et al., 2008).  
Chlorine is the most common disinfectant hence it carries noteworthy importance. Therefore, this 
research series focus on chlorine DBPs. Next few sections emphasise the functionality, characteristics, 
modelling and predicting THM formation, but before that, all other disinfectants are briefly discussed. 
19 
 
Disinfectants have different effectiveness (Sadiq and Rodriguez, 2011). Disinfectants are added in 
many stages depending on the requirements. One is called pre-treatment (mainly pre-oxidation) 
before water is treated further. The second is called primary disinfection sufficient enough to achieve 
99.9% kill of Giardia - one of the most difficult to kill organisms. The third is the secondary disinfection 
to maintain sufficient disinfectant to prevent accidental microbial contamination or bacterial regrowth 
while the water is in transit to the customer (Yang and Zhang, 2016).  
Disinfection requirement is usually defined in terms of CT value (concentration of disinfectant (mg/L) 
x time (minutes)) to achieve a certain kill of a pathogen. For example, the CT value needed to achieve 
99% kill of pathogens with different disinfectants are given in Table 2.1. 
Table2.1: Ct values (mg-min L-1) for various disinfectants at 99% biocidal efficiency (pH 6-7) 
 
2.3 Chlorine chemistry  
 
In treatment plants, gaseous chlorine or hypochlorite is commonly used as the disinfectant. Especially 
for micropollutants, HOCl is the major reactive chlorine species (Tian et al., 2013). For the pre-
oxidation process, chlorine gas and hypochlorite (OCl-) are mainly used. However, chlorine gas 
hydrolysis and HOCl stability highly depend on water pH (Shen et al., 2016).   
Chlorine has high electronegativity which can make covalent and ionic bonds with other elements. It 
reacts with H+ and OH- in water and hydrolyse. When chlorine gas is used, it dissolves in water as 
follows: 
Cl2 + H2O ⇌HOCl + Cl- + H+  -------------(Eq 1) 
Hypochlorous acid (HOCl) is a weak acid, and it also dissolves in water resulting in ClO- and H+ ions. 
HOCl ⇌ ClO- + H+ ---------------(Eq 2) 
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HOCl is the most reactive species of OCl- and HOCl and the relative amounts of HOCl and OCl- strongly 
depend on pH level (pKa of HOCl/OCl- is 7.5). pH plays a critical role in determining the amount and 
species of TTHM formed (Uyak et al., 2005, Obolensky and Singer, 2008). Increased pH has led to 
higher concentrations of THM hence higher THMFP (Pourmoghaddas and Stevens, 1995, Waters and 
Hung, 2014). Similarly, if the water sample contains bromide, bromide will be oxidised more if more 
HOCl is present in the water. Oxidised bromide (i.e. HOBr and OBr-) is much more reactive than the 
chlorinated counterparts (HOCl and OCl-).  
In addition to pH, dissociation of these molecules highly depend on the temperature of the water. 
Under normal treatment conditions, HOCl and ClO- act as dominant species as shown in Figure 2.1 
(Tian et al., 2013). 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Relative distribution of main aqueous chlorine species as a function of pH at 25 0C and for 
a chlorine concentration of 5 x 10-3 M (177.5 mgL-1) 
 
HOCl / Cl2 reacts with the dissolved material in water as shown in the simple equation below.  
HOCl/Cl2 + Organic/Inorganic compounds                oxidized or partially oxidised products,  
      halogenated organics -------------(Eq3) 
The electron negativity difference always affects the oxidation process and the end products. There 
are mainly three kinds of reactions occur with organic compounds. 1) oxidation reactions 2) addition 
reactions to unsaturated bonds 3) electrophilic substitution reactions at nucleophilic sites (Tian et al., 
2013) 
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2.4 Natural organic matter (NOM) 
 
NOM is a combination of different organic structures derived from natural sources (Deng et al., 2018). 
It consists of a mixture of organic compounds such as humic substances, polysaccharides, amino 
sugars, proteins, peptides, lipids, small hydrophilic acids etc. (Bhatnagar and Sillanpää, 2017). 
According to Fabris et al., NOM found in water can be characterized into two groups; 
1. Non-humic solutes (amino acids, hydrocarbons, carbohydrates, fats, waxes, resins, low-
molecular acids, etc.) 
2. Very complicated heterogenous humic solutes (Fabris et al., 2008). 
The NOM content of water is proved to be increasing due to global warming, changes in soil 
acidification, increased drought severity and more intensive rain events (Fabris et al., 2008). In the 
laboratory, to characterise and identify the organic matters SUVA method can be used. 
The property of hydrophobicity in NOM fractions can be determined by the specific UV absorbance 
(SUVA)(Sillanpää et al., 2015). SUVA is defined as the UV absorbance at a given wavelength. Generally, 
it is determined at 254 nm measured in inverse meters(m-1) divided by DOC concentration (measured 
in mgL-1). The SUVA value measures the aromatic character (Weishaar et al., 2003) of the dissolved 
organic matter by detecting the electron cloud density associated with the aromatic bonds. The high 
SUVA value indicates the high aromatic character of the water and implies that the organic matter is 
composed mainly of high molar mass hydrophobic substances or humic substances. Therefore, low 
SUVA values suggest the low aromaticity of the water and the water is consisting of low molecular 
mass hydrophilic compounds.  
Moreover, 13C NMR spectroscopy technique supplies more detailed and precise information on 
aromaticity and hydrophobicity of the NOM (Sillanpää et al., 2015). 
Dissolved NOM in drinking water sources causes several problems in water quality and treatment 
processes. After chlorination, NOM actively contributes to forming carcinogenic DBPs which 
significantly increase the health risk.  
NOM removal is a very important process in water purification since its abundance highly affects with 
many by-products formation. The resulting by-product and its features may directly relate to the 
properties of the initial carbonic chain or the precursors. The molecular weight may also effect to the 
by-products if any were created. Also, the attached substitutes can create significant and unique 
properties of the resulting by-products. 
22 
 
The most common water treatment method for the removal of NOM is the coagulation and 
flocculation followed by sedimentation and sand filtration. However, this coagulation process is more 
effective in removing higher molecular weight compounds rather than removing lower molecular 
weight (Korshin et al., 2009). This usually removes around 20-30% DOC (Kastl et al., 2004). Oxidation, 
enhanced coagulation; flocculation; sedimentation, filtration, membrane process, and activated 
carbon adsorption methods help to control the amounts of DBP formed (Teksoy et al., 2008). Figure 
2.2 Explains further the methods of NOM elimination from the water. 
 
 
Figure 2.2: The main methods of NOM removal from water (Levchuk et al., 2018) 
 
2.5 Factors affecting of chlorine stability 
 
The disinfection stability is an important factor to maintain a complete disinfection process. The 
disinfectant (chlorine) should be persisting and disinfecting water until it reaches the consumer. 
However, there are dissolved organic and inorganic components in water that have the ability to 
unstabilize chlorine.   
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2.5.1 Inorganic compounds 
 
Chlorine is a highly reactive component which can react with the dissolved inorganic matters in water 
such as ammonia, bromide, sulphide, nitrite, metal ions etc. These inorganic components are usually 
abundant in surface water and can impact the stability of chlorine. If ammonia is present in water, it 
can react with chlorine resulting monochloramine, dichloramine and trichloramine. The formation of 
these components depend on the pH level, chlorine and ammonia concentrations. Similarly, sulphide 
and nitrile ions show relatively quick reactions with chlorine which usually occur within seconds 
(Brown et al., 2011).  
 
Different metal ions also impact on DBP formation in various ways. Ca(II), Fe(III), Cu(II)  is known to 
enhance the production and shift the type of DBPs in chlorinated drinking water (Blatchley III et al., 
2003, Zhu et al., 2007, Liu et al., 2013).   
 
Bromide impact on chlorine decay has not gained the attention of the past studies, yet showed high 
importance according to the experiments carried out in this research. This argument will be further 
discussed in Chapter 7. 
  
2.5.2 Organic compounds 
 
Dissolved NOM in drinking water sources causes several problems in water quality and treatment 
processes. After chlorination, NOM actively contributes to the formation of carcinogenic DBPs which 
significantly increase the health risk.  
 
 
2.6 Disinfection by-products 
 
As mentioned before, the harmful by-products occurrence can be observed in every disinfection 
method. The type of the by-product depends on the method used in disinfection and generally these 
products are considered to be harmful and shown to induce cancer in laboratory animals (Singer, 
1999). However, among the 700 types of chlorine DBPs formed, THM is considered as the major BP as 
well as HAA, chloral hydrate (CH), haloacetonitriles (HANs), trichloronitromethane (TCNM) etc. (Wu 
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et al., 2018). The formation and concentration depend on the bromide concentration, pH, disinfectant 
applied, temperature and the amount and characteristics of NOM (Singer, 1999). However, this 
research is investigating THM formation and its behaviour under normal treatment conditions.   
When chlorine is added to water, the chlorine molecules alone combine with dissolved organic carbon 
creating many by-products such as THM, HAAs, HANs, Chloral Hydrates, Halopropanones, Cyanogen 
Halides, Chloropicirin, etc. (Abdullah et al., 2009). Under the position of chlorine molecules replacing 
three hydrogen atoms of methane, chloroform is formed which is the dominant form of THM in 
treated water. Every natural water source contains a certain amount of bromide and if bromide reacts 
with carbon correspondingly, brominated organic compounds (bromoform, bromodichloromethane 
and dibromochloromethane are formed). However, to replace three hydrogen atoms by bromide, the 
level of bromide in water should be comparatively high.  
Under normal chlorination of drinking water, the majority (50%) of halogenated compounds are of 
THM. United States Environmental Protection Agency (USEPA) has defined the hazardous classes and 
doses of those by-products that affect human health (Uyak et al., 2005). Furthermore, USEPA 
expresses the maximum threshold levels of each DBP that should be found in the drinking water. 
However, these threshold levels of DBPs could differ depending on each country’s drinking water 
guidelines and regulations. In most cases, total THM (TTHM) levels found in drinking water are lower 
than the threshold values (von Gunten et al., 2001). According to the Australian Government National 
Health and Medical Research Council drinking water quality guidelines, TTHM concentration in 
drinking water should be lower than 0.250mg/L. 
As the name implies, THMs are compounds that contain three halogen atoms attached to a single 
carbon. These halogens can be any of chlorine, bromine, fluorine, iodine or a combination of them. 
Four major THM are found in chlorinated water are; chloroform, bromodichloromethane, 
dibromochloromethane and bromoform (Figure 2.3).   
 
 
  
 
 
 
Figure 2.3: Molecular arrangement of chloroform, bromodichloromethane, dibromochloromethane 
and bromoform  
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2.7 Factors affecting THMs formation  
 
Major factors affecting THM formation are pH, temperature, contact time, concentration and 
speciation of disinfectant and its residuals, concentration and types of NOM and bromide ions (Gallard 
and von Gunten, 2002, Lin and Hoang, 2000, Abdullah et al., 2009).  
Even though iodide is not always considered as an affecting factor in THM formation, according to the 
literature iodide concentration can cause a major impact if the satisfactory amount is present in water. 
Brominated and iodinated DBP are more genotoxic and cytotoxic compared to chlorinated DBPs 
(Sharma et al., 2017).In most of the natural water sources in the world, bromide level is comparatively 
higher compared to iodide. Hence, bromide actively participates in THM formation while iodide 
contribution in the process reported being rare (von Gunten, 2003).  
DOC getting oxidised by chlorine, in the presence of bromide or iodide halogen-containing 
environment trigger THM formation (Ufermann et al., 2011). Hence chlorination is the topmost step 
of THM formation.  
 
2.7.1 NOM effect on THM formation 
 
NOM is a complex mixture of organic compounds present in all natural water sources as a result of 
the interactions between the hydrological cycle, the biosphere, and geosphere (Matilainen et al., 
2010). Thus, the formation of the NOM depends on the biogeochemical cycles of the surrounding 
environment. The composition, properties, and amount of the NOM vary with the location and 
seasonal changes (Fabris et al., 2008). Further, NOM is a mixture of organic moieties such as proteins, 
ethoxy-substituted aromatic units, and carboxyl- and hydroxyl-aromatic units (Sharma et al., 2017). 
The source of organic matter, water chemistry, temperature, pH and biological processes are the main 
factors responsible for the composition of NOM (Sillanpää et al., 2015). 
 
NOM can mix with water at any time before it comes to treatment plants. Almost everything in the 
natural environment has made out of carbon and components like microorganisms, detritus, even 
leaves and many natural things can act as sources of NOM that can mix with surface water at any time 
(Fishman, 1993, Crepeau et al., 2004b).  
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Different sources and types of DOC have different molecular formations. Mainly there are two groups 
of carbon; aromatic and aliphatic. As shown in Figure 2.4, these different types of DOC can affect 
differently on THMs formation. Some compounds contain unsaturated bonds while some contain 
saturated bonds. Oxidation happens mainly during the disinfection process. 
According to the early experiments carried out by Rook, the NOM structure has a major impact on 
THM formation lead by humic substances which is the principal organic precursor in THM formation.  
The resulting by-product of chlorination and its features directly relate to the properties of the initial 
carbonic chain or the precursors. The properties of attached substitutes create significant and unique 
properties of the resulting by-products. Among the phenolic compounds in humic substances, 
resorcinol is considered as the main precursor of THM formation. Substances like phenols, β-
diketones, and some carboxylic acids are also susceptible to making high yields of THMs (Gallard and 
von Gunten, 2002). 
Does the type of organic compound decide the type and amount of THM-formation? Or does it depend 
on some other factor? In literature, it is said that the type of organic matter highly affects to determine 
the type of THMs in water. Boyce and Hornig (1983) explained that the amount of each chlorinated 
and brominated THM types depend on the characteristics of precursors (Boyce and Hornig, 1983). 
They also described that there are two major types of THMs present regarding origin;  
1. Activated aromatic rings (e.g. resorcinol) which are more reactive with chlorine than bromine  
2. Aliphatic ketones which are more reactive with bromine than chlorine, form bromoform than 
bromomethane  (Heller-Grossman et al., 1993) 
The described logic is also experimentally proven using inland water. Due to the difference in surface 
and ground water organic compound structures, the THM composition given after chlorination was 
different (Gallard and von Gunten, 2002). 
Finally, the question remains if THM type solely depends on the type of precursors or not? Also, it is 
investigable to find the impact of bromide concentration in determining the type of THM in normal 
water. One of the main objectives of this research is to find answers to these questions. 
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Figure 2.4: Chlorination of Limmat water at pH 8.0 ([Cl2] = 140µM, no organic compound added , 
spiked with 0.2µM resorcinol , 4µM phenol , 2µM methylglyoxal  
 
2.7.2 Chlorine concentration  
 
Chlorination is the triggering factor of producing THMs in water distribution systems. In the presence 
of chlorine, chloroform is the major DBP formed (Teksoy et al., 2008). The abundance of each THM 
species depends on chlorine and bromide concentrations (Gallard and von Gunten, 2002). In normal 
treatment conditions, chloride level is high due to chlorination or addition of salts such as FeCl3 which 
could result in a stable and relatively high chloroform level bypassing bromodichloromethane, 
dibromochloromethane, and bromoform. The amount of TTHM formed increases simultaneously with 
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the increment of chlorine or bromide concentration. However, the proportion of TTHM elevation does 
not have a direct correlation with the amount of chlorine concentration (El-Dib and Ali, 1995).  
Based on the THMFP related experiments, more the chlorine added, the more the THMs are formed. 
According to Brown, Bridgeman and West there are three phases of NOM reacting with chlorine to 
produce THM which are; chlorine suppressing the demand and creating very little amount of THM, 
chlorine reacting very fast creating bulk of THMs and thirdly chlorine reacting very slow resulting in a 
low rate of THM formation (Brown et al., 2011). Even though the THM concentration increases with 
the elevation of chlorine dose, the increment is not linear to THM formation within the first three 
hours (El-Dib and Ali, 1995). Also, it is proven that the chlorine level can impact on THM formation up-
to a certain level and the excess of chlorine does not impact significantly on THM formation afterwards 
(Brown et al., 2011). Anyhow, a good correlation (R2=0.879) between chlorine dose and THM 
formation has been reported in the past (Uyak et al., 2005). 
 
2.7.3 Effect of bromide 
 
Bromide is identified as one of the major attributes in THM formation. The concentration of bromide 
in different natural water sources could be different, and it impacts THMs formation and their 
concentration (Hong et al., 2007, Regli et al., 2015). All natural waters contain some amount of 
bromide depending on rainfall, cloud water, stream water or ground water (McDonald et al., 2011b). 
As an example, if ground water is considered, three types of water types can be identified; high 
bromide, low bromide and high bromide combined with high ammonia (Duong et al., 2003). The 
conditions above as such impact on THM formation. In the presence of bromide and NOM, chlorine 
disinfection produces brominated THM such as bromodichloromethane, dibromochloromethane and 
bromoform. The concentrations of these THMs strongly depend on the raw water characteristics and 
operational parameters of the water distribution system (Tan et al., 2016).  
Formation of THM in bromide-containing water as a result of chlorination has an exclusive mechanism 
as well. The amount of chlorine added for disinfection depends on the characteristics of raw water. 
Hence, chlorine to bromide ratio in different circumstances effect on the type and concentration of 
THM formed.  
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Figure 2.5: Aqueous species of chlorine, bromine and iodine as a function of pH at 250C (Sharma et 
al., 2017) 
Similar to Figure 2.1, Figure 2.5 shows the aqueous species of halogens and their stability in respective 
pH levels. When both chlorine and bromide are present in water they react with each other and 
bromide is oxidized by chlorine to produce hypobromous acid (HOBr) and hypobromite among which, 
HOBr is the deciding factor in making brominated-THMs (Tan et al., 2016, Deborde and von Gunten, 
2008a, Regli et al., 2015). According to Figure 2.5, at neutral pH, HOCl is the dominant species which 
promotes the reaction with bromide ions to produce HOBr. The more HOBr production shifts the 
equilibrium point between HOBr and OBr- towards HOBr, producing even more HOBr which facilitates 
THM production(Sharma et al., 2017). According to Figure 2.5, HOI has the highest tendency of 
occurring at a neutral pH. However, in this experimental series iodine impact has not been analysed 
due to its low abundance in natural drinking water sources.   
HOBr behavior is analogous to HOCl behavior, but HOBr is stronger and more reactive. Especially 
bromine is more reactive than chlorine with phenolic compounds (Chang et al., 2001). Under these 
conditions the presence of bromide can be a highly significant factor in THMs formation and it is 
proven that Br-C bond is easier to form than Cl –C bond which facilitates the brominated THMs 
formation. Previous experiments show that HOBr is 25 times stronger than HOCl in halogen 
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substitution for THM formation (Chang et al., 2001). Moreover, it is proven that pre-chlorine can 
increase the concentration of both AOCl and AOBr (Langsa et al., 2017). 
If the water contains high concentrations of bromide, it will counteract the effect of chlorine and will 
produce more brominated products with NOM. This process happens due to bromide reactivity, which 
is almost similar, somewhat more to chloride reactive intensity with NOM (Yang et al., 2013b). 
THM species shifting from chlorinated to brominated genre explain the halogen incorporation with 
NOM happens faster and more actively between bromide and organic matter than the same reaction 
between chloride and organic matter (Teksoy et al., 2008). The hypobromous acid reacts with DOM 
and creates brominated THMs and at the same time reacting with chlorine creates Br-Cl-THMs. All 
these results regarding chlorine, bromine and NOM show the formation and distribution percentages 
of THMs are affected by the ratios of HOCl/Br-, Br-/NOM and Br-/free chlorine(Chang et al., 2001).  
At higher values of Br-/DOC and Br-/Cl2 more brominated DBPs could be formed(Hsu and Singer, 2010). 
Higher bromide levels play an important role in deciding the TTHM concentration. Larger values of 
HOBr/HOCl ratios result in more brominated THM groups and TTHM levels in general (Cowman and 
Singer, 1995). Moreover, (Gould et al., 1983) proposed a bromine incorporation factor to evaluate 
THM species presence as mentioned below;  
Molar bromine incorporation for THMs (n) = [CHBrCl2]+ 2 [CHBr2Cl] + 3 [CHBr3] TTHM (0 ≤ n ≤ 3) 
 
 
 
 
 
 
 
 
Figure 2.6: Effect of pH on percent of bromide incorporation for THM and HAA 
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The pH level also is proven to impact on Br-THM formation according to figure 2.6. The increase in pH 
from 6.5 to 8.5 increased the average percentage of bromide incorporation for THM from 18% to 28%. 
More HOBr availability compared to HOCl at higher pH level is described as the justification for more 
brominated THM formation (Sohn et al., 2006). 
 Figure 2.7 shows the behaviour and fluctuation of each THM concentration under various bromide 
and chlorine concentrations. According to Figure 2.7, when bromide level gradually increases, the 
concentration of TTHM increase was noted in the range of low bromide levels while slightly TTHM 
decrease with higher bromide level was noticed in Figure (b). Figures (a) and (c) show a slight increase 
of TTHM again in higher bromide levels but a different trend to the lower bromide. Also with increasing 
Br- concentrations, CHCl3 and CHCl2Br decrease was noticed while CHBr3 increased continuously. 
CHBr2Cl increased slightly at first and then decreased showing some complicated traits of THM 
formation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: THMs formation as a function of bromide concentration under various chloride 
concentrations (a) Cl2= 2.0 mg/L (0.028mM), (b) Cl2= 4.0 mg/L (0.056mM), (c) Cl2= 6.0 mg/L 
(0.085mM) (Chang et al., 2001) 
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Hypohalous acid (chlorine, bromine and iodine) reactions with DOC depend on the structure of organic 
matter. The reaction could be electron transfer or electrophilic substitution depending on the 
conditions (Von Gunten and Oliveras, 1997). The extent of brominated DBP formation depends on the 
composition and the concentration of the organic functional groups (Langsa et al., 2017). Criquet et 
al. broadly studied the THM formation using a variety of phenolic compounds to observe the reactivity 
of bromide (Criquet et al., 2015). According to their studies, among ten phenolic structures they 
observed, bromine showed higher reactivity with phenol than chlorine did (at pH7). Early studies have 
shown that phenolic compounds like 1,3-dihydroxybenzene produce high yields of chloroform 
(Andrzejewski et al., 2003). The general reaction mechanism for 1,3-aromatic diols is shown in Figure 
2.8.  
 
 
 
 
 
 
 
 
 
Figure 2.8: Reaction of a 1,3-aromatic diol with chlorine (Andrzejewski et al., 2003). 
 
2.7.4 Other factors 
 
THMs formation depend mainly on the natural organic matter (types and concentrations), chlorine 
and bromide concentrations. However, there are some other factors affecting the concentration of 
THM such as temperature, pH and contact time (Lin and Hoang, 2000). 
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Effect of pH 
 
pH is a determination factor of the ionic stability of many chlorinated species such as HOCl, OCl-, Cl2, 
those act in different degrees on microorganisms. At 25 0C and pH=7.54 both HOCl and OCl- species 
are found in equal concentrations (pKa25C =7.537). Further at the 25 0C temperature for added 
chlorine, pH decrement from 7.8 to 8.2 can cause a loss of HOCl concentration from 35.3% to 17.8% 
(Hansen et al., 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Effect of pH on THM formation (El-Dib and Ali, 1995) 
 
Studies have shown when drinking water chlorination is carried out below pH 7, THM levels decrease 
noticeably. It is also shown that with increasing pH level, THM formation rate also increases 
accordingly(Abdullah et al., 2009). The Pearson correlation test gives a high-level correlation between 
THM concentration and the PH level at the raw water (r=0.963). Moreover, some studies show every 
pH unit increase elevate THM concentration by three folds (Uyak et al., 2005). Some investigations 
also mention that THM formation and the pH level have a linear relationship (Uyak et al., 2005). El-
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Dib and Ali (1994) showed that the reaction rate of THM formation increases considerably with the 
increase in pH, especially between 6 and 9 (Also shown in Figure 2.9). It is further shown that a 50% 
reduction of TTHM concentration when the pH level decreases from 9 to 7 (El-Dib and Ali, 1995). 
The pH level also effects on reactivity organics as the functional groups change their nature (Hung et 
al., 2017). According to the experiments carried out by Obolensky and Singer, the pH impacts not only 
on chlorine stability but also THM species and their concentrations due to the effect on HOBr/OBr-  
equilibrium and organic matter reactivity. Anyhow, pH was not identified as an important predictor 
for the brominated THM formation. (Obolensky and Singer, 2008).  There are Some experiments also 
suggest that more impact on THM formation is delivered by bromide and disinfectant dose, compared 
to temperature, pH and reaction time (Hong et al., 2013). Hung et al also claim lower pH levels 
facilitate chloroform formation while higher pH levels produce lesser chloroform levels (Hung et al., 
2017). 
 
Effect of temperature 
 
Temperature is considered as a very influential factor in deciding the rate of chemical reactions. 
Temperature supplies energy to reactants, transforming heat energy into kinetic energy and initiates 
the collision between reactant molecules to produce end products under favourable circumstances.  
Formation of THMs is a combined process of formation, diffusion and equilibrium levels of chlorine, 
which are highly dependent on temperature. Anyhow, there are comparatively fewer studies have 
undertaken in the past regarding the temperature effect on THMs formation (Abdullah et al., 2009). 
According to Pearson regression test, the correlation between temperature and the THM formation 
gives a high value (r=0.921), hence the two factors are related highly (Uyak et al., 2005). In natural 
conditions, the temperature can vary at a limited level depending on the seasonal changes. It is 
experimentally proven that the TTHM production in raw water is higher in summer and lowers in 
winter (Kim, 2009). Some experiments show, the rate constant of THM producing doubles with every 
increment of 10 oC  between 0 0C and 30 0C (El-Dib and Ali, 1995). A study carried out by Knocke et al. 
(1986) also has shown that the THM production at 20C is 60-70% less than the amount of THM 
producing at 220C (Uyak et al., 2005). Figure 2.8 shows the TTHM elevation with the increment of 
temperature.  
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Figure 2.10: Effect of temperature on THM formation (El-Dib and Ali, 1995) 
 
Effect of contact time 
 
Chlorine disinfection happens in two stages of the treatment process. One is pre-chlorination, and the 
other one is post chlorination. Both pre-chlorination and post-chlorination reportedly aid with the 
production of THM formation. Anyhow, the contact time that chlorine lasts in the water sample also 
affects the THM production. Even though it is not highly investigated, the contact time between 
chlorine and NOM, concentration and speciation of disinfectant and its residuals are also considered 
to be a factor that can affect in THMs formation potential (Abdullah et al., 2009). The more chlorine 
residuals last in the water, the more THM produces. If the raw water contains other essential  
parameters for THM production such as bromide and the NOM, more chlorine and higher contact time 
facilitate the THM production. The THM production will be higher as long as one of those above 
mentioned essential parameters run out at the end (El-Dib and Ali, 1995). Figure 2.11 shows the 
elevation of TTHM concentration with time. 
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Figure 2.11: Effect of contact time on THM formation (El-Dib and Ali, 1995) 
 
 
2.8 Ways of reducing THM formation 
 
Two approaches are possible to reduce the THM formation. First is to control the factors affecting 
THM formation and the other is the use of alternative disinfectants. This section describes the 
methods of reducing THM by alternate disinfectants  
 
2.8.1 Chlorine dioxide 
 
Chlorine dioxide (ClO2) is widely used in treatment plants to maintain a residual concentration of 
disinfectant in the water distribution system (Sorlini et al., 2014). It is experimentally proven that ClO2 
pre-treatment before chlorination can reduce THM formation during chlorination and chloramination 
(Yang et al., 2013b). ClO2 destroys aromatic and conjugated structures, large aromatic structures and 
long aliphatic chains of DOM by converting them to small hydrophilic organic compounds that reduce 
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the risk of THMs formation. It can control not only the formation of THMs but also other organic 
halogen products often measured as total organic halogens (TOX). Moreover, ClO2 itself does not 
produce significant amounts of halogenated by-products in the treatment process (Yang, Guo et al. 
2013).  
As described earlier, ClO2 pre-treatment has helped to lower the TTHM concentration.  
 
 
 
 
 
 
 
 
Figure 2.12: THM species concentration difference with varying bromide levels (Yang et al., 2013a) 
 
Figure 2.12 shows the results of an experiment conducted using Suwannee River NOM. The graph 
shows the different concentrations of different THMs in the presence of various bromide levels during 
chlorination of Suwannee River NOM with and without ClO2 pre-treatment (Yang et al., 2013a). 
Anyhow, regardless of the addition of ClO2, bromide increment simultaneously elevates TTHM, 
bromoform and dibromochloromethane levels.  Despite these advantages, chlorine dioxide is rarely 
used by the water industry due to its high cost. 
 
2.8.2 Ozone 
 
Ozonation before chlorination can also reduce the THMFP (Teksoy et al., 2008). Ozonation is another 
effective method of disinfection which is proven to be highly effective and give fewer amounts of by-
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products. Compared to other disinfection methods, ozone has the highest biocidal efficiency, and 
chloramine has the lowest biocidal efficiency (Sadiq and Rodriguez, 2011) .  
Using advanced oxidation processes (AOPs) such as H2O2/UV, O3/UV, and O3/H2O2, causes one main 
problem of releasing a high number of OH radicals to the water. It is also shown that up-to 18% 
reduction of total THMs formation potential by pre-ozonation (Gallard and von Gunten, 2002). The 
previous studies report, compared with O3 alone, O3/H2O2 can reduce 21% more of the HAA 
formation potential, equally decrease or maintain THM formation potential, and increase the 
formation of dissolved organic halogens (Yang et al., 2012). Formation of the emerging unregulated 
DBPs, such as haloacetonitriles (HANs), haloketones (HKs), and halonitromethanes (HNMs), under 
sequenced ozonation–chlorination or ozonation–chloramination process have also been studied 
frequently. Generally, the pre-ozonation process significantly increases the formation of HNMs, while 
the amounts and behavior of HANs and HKs are uncertain (Wang et al., 2014). When bromide is 
present in water, oxidation can produce one main by-product which is bromate (BrO3-) (von Gunten 
et al., 2001). Although ozonation is reported to be more effective than chlorination as a disinfection 
method, with a strong biocidal characteristics, resulting by-products (especially bromate) can cause 
renal cancer (Lee et al., 2015). Moreover, ozone cannot last longer in the water supply system. 
 
2.8.3 Chloramines 
 
The reaction of chlorine with ammonia produces chloramine. It is also the second most popular 
disinfectant in the world (Herath et al., 2015). The monochloramine practice also reportedly produces 
a smaller amount of THMs and HAAs (Jones et al., 2012). Many water treatment plants (including 
Australia) use chloramine due to its ability to produce a low level of DBP. However, chloramine 
efficiency is considerably lesser than chlorine (roughly 100 times), and monochloramine can favor 
iodinated THM formation which is more toxic (Duong et al., 2003).  
 
2.8.4 Ultraviolet radiation (UV) 
 
Using UV radiation for disinfection has grown widely around the world due to its high efficiency in 
inactivating pathogenic microorganisms and degrading emerging contaminants (Li et al., 2018). The 
theory behind using UV technology is to inactivate microorganisms for functioning and reproducing 
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itself by using a range of wavelength from UV light (Li et al., 2017). Not generating major hazardous 
DBPs is the major advantage of using UV/Chlorine processed treatment. 
2.8.5 Potassium permanganate (KMnO4) 
 
KMnO4 is another disinfectant used in the water treatment process to oxidise NOM. However, 
compared to ozone and chlorine, KMnO4 is considered as a mild oxidant (Peterson et al., 1995). 
However, the main leverage of using KMnO4 as a disinfectant is the low production of DBPs. The 
application of KMnO4 in drinking water treatment has received great attention nowadays. It was 
reported that KMnO4 oxidation successfully removes DOC and reduces UV254 from sand filter effluent 
due to the breakdown of strongly hydrophobic organic matters, and the removal of neutral organic 
matters is improved due to the adsorption of intermediate MnO2 (Lin et al., 2013). Also, 
KMnO4oxidation can enhance the coagulation performance (Zhao et al., 2018).  
 
 
2.9 THMFP and TTHM yield 
 
Various countries regulate THM and HAA at various levels. Despite the advancements, utilities are not 
completely aware of how deterministically control this DBP. Traditionally, THMFP has been used to 
understand the THM behaviour. Typically, THMFP measures the maximum THM concentration formed 
when a water sample is subjected to high enough chlorine concentration so that at the end of 
incubation period (7 days) chlorine concentration is slightly more than 0.5 mg/L when incubated at 
25o C. In a watercontaining DOC of 3 mg/L, concentration as high as 5-10 mg/L is applied. This method 
has been used widely to analyse the THMFP for over four decades. 
The THMFP method measures the potential of a given NOM to produce THM under harshest possible 
conditions. Although the THMFP is useful a good surrogate indicator of treated water quality, they do 
not have the capacity to predict how much THMs will be formed in the system under different 
conditions. Their use is frequently limited to evaluation of the treatment methods. The treatment 
which produces water with lower THMFP is judged better. Water in a treatment plant or distribution 
system experiences varying temperature conditions, retention time and water quality. The THMFP has 
the limited use to predict the THM concentrations at varying points of the water treatment and 
distribution system. 
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 The second approach (sometimes used as a confirmation of the first approach) is a laboratory batch 
chlorination of a sample of treated water. Often referred to as a three days distribution system 
simulation test, it measures chlorine, THMs profiles.  This is a more realistic test than THMFP, but still 
only approximates the conditions in the distribution system and does not provide data about 
sensitivity to various parameters.  
Measuring chlorine and THMFP in the distribution system presents the ultimate test by definition for 
the given conditions. This approach verifies the system performance, but unfortunately is quite 
expensive and determines only the performance at one set of conditions without indication how the 
performance will vary with the change in conditions.  
The third approach relies on the use of yield – defined as the amount of total THM (TTHM) formed per 
mg/L chlorine reacted. The proponent of the method (Clark, 1998, Fisher et al., 2004) showed that the 
yield is proportional to the amount of reacted chlorine. If this has been found to be true in many 
waters and the factors affecting it are understood, and if they follow the certain pattern the modelling, 
prediction and control of THMs and HAAs will become easier. TTHM yield can be calculated using to 
the simple equation mentioned below. 
 
 
 
 
 
 
 
 
 
2.10 Literature gap 
 
THM, HAA, and other such AOX products occurring and their controlling methods have been highly 
investigated in the past. Chlorine behavior in water and impact on THM formation has been widely 
discussed. However, most of the researches done were focused on THM behavior and fluctuation in 
respond to variable parameters using THMFP as the parameter. The variability goes beyond practical 
ranges. Applicability of tested methods to control THM levels did not always result in reduced THM 
levels or always needed trial and error approach to arrive at an acceptable THM level. Even though 
the formation mechanism is essential in understanding the vast knowledge of THM chemistry, the 
demand of translating the knowledge into practical aspect to simulate and control in water treatment 
 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑢𝑢𝑢𝑢/𝑚𝑚𝑢𝑢) =  Amount of TTHM formed (ug/L)Amount of chlorine Consumed (mg/L)  
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plant and water supply system is missing. The “yield” approach, on the other hand, has the ability to 
predict the THM levels at any given point of a distribution system, but this approach has not been 
popular amongst researchers.  
Moreover, there weren’t any suggestions and descriptions of the experiments done regarding 
bromide impact on chlorine decay. Based on the lack of bromide involved the experimental history of 
chlorine decay and TTHM yield, but is a very important factor in Australian water sources, this research 
has been undertaken. 
The proposed experiments will focus on analysing the impact of well-known THM affecting parameters 
such as DOC amount and characteristics, chlorine concentration, pH and bromide concentration. The 
novelty of the research is using TTHM yield to analyse data rather than using THMFP and explain the 
chlorine utilisation in producing THMs. Also, the research will focus on bromide impact on individual 
THM species as well as the TTHM level. Moreover, the focused experiments will be used to develop a 
method to predict THM amount forms at chlorination. 
Monitoring chlorine decay is also another major way that can effectively explain how the chlorine is 
going to behave in water and has been widely used in the past to describe water quality. But except 
for NOM, dissolved metals, microorganism effect and other possible affecting agents, this new focus 
on bromide impact on chlorine decay has not found to be discussed in past studies. Even though it 
was neglected in the past, the impact of it on chlorine decay has proved to be considerable in this 
research. Since bromide content in natural water is high in Australian water sources, following 
experiments regarding bromide impact on chlorine decay is important. 
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Chapter 3  
Research methodology and plan 
 
This chapter presents the proposed methodology for achieving the research objectives. Research plan 
towards achieving the research objectives is illustrated in Figure 3.1. 
 
3.1 Materials and methods  
 
Figure 3.1: Experimental plan 
 
Collecting 
samples from 
source water
Sample 
preparation
•Adjust pH
•Measure the required volume
•Bromination
Chlorination and 
measure chlorine 
decay rate
•Use Sodiumthiosulphate Dechlorination
THM 
measurement
• Prepare samples
• Use Gas Chromatograph 
to measure THM
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3.1.1 Water sample collection  
 
As shown in Figure 3.2, water samples (treated and raw) were collected from two different states of 
Australia. The raw water from the Wyong and Nepean water filtration plants and treated water from 
Orchard Hills filtration plant (Figure 3.2) were used in this study. Three different raw water samples 
(from the inlets of North Pine water treatment plant, Mt. Crosby Eastbank water treatment plant and 
Petrie water treatment plant) (Figure 3.2) provided by South East Queensland Water were also used.  
Raw water samples were collected from Nepean water filtration plant on three different seasons. 
Water samples named as Nepean water-1, Nepean water-2, and Nepean water-3 were collected in 
autumn 2016, winter 2016 and summer 2017, respectively.  
For sample collection, 10 L or 3 L high-density polyethylene (HDPE) containers were used. Prior to 
collecting the samples, the HDPE containers were thoroughly scrubbed using tap water and detergent 
to remove the impurities. Subsequently, the containers were washed using MilliQ water, drained and 
taken to the sampling sites. Containers were rinsed three times with the sample then filled with the 
raw water sample and stoppered to avoid the headspace.  Once collected, all the water samples were 
transported to university premises within a day under low temperatures (< 15 oC) and were stored at 
4 oC until the experiments commence.  
 
Figure 3.2: Geographical location of all water sources and treatment plants 
QUEENSLAND
 
NEW SOUTH WALES 
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3.1.2 Preparation of water samples 
 
Before commencing the chlorination experiments, all amber glass bottles (200 mL or 500 mL bottles 
according to the volume that experiment requires) and other relevant glassware were thoroughly 
cleaned according to the standard method. At first, the glassware were rinsed using acetone (3%) to 
remove possible impurities. Secondly, the glassware were placed in a sonicator water bath for 30 
minutes. In the end, all the glassware were rinsed using MilliQ water. All the glassware were then 
placed in the oven (45 oC) to air dry before using.  
Before sampling water into bottles, required water volume was taken as bulk, and the water pH was 
adjusted using NaOH (1M) and H2SO4 (1M) as per experimental design (detailed in the chapter). After 
that, water volume (200 mL or 500 mL) was measured using a measuring cylinder and transferred to 
amber glass bottles (Figure 3.3). Then they were sealed with silica septum.  As per experimental design 
(detailed in Chapter4,5 and 6), chlorine was dosed, and sampling was done to monitor chlorine 
residuals and THMs. 
     Sample bottle 1       2                          3                  4 
Figure 3.3: Maintaining four separate samples for chlorine equivalents decay test and THMs analysis 
 
Four samples (Figure 3.3) were prepared for each chlorine concentration. Sampling for THMs and 
chlorine equivalents decay tests were done in separate bottles. The number of samples varied 
depending on the number of chlorine equivalent concentrations used. For example, if only two 
chlorine equivalent concentrations were tested for Nepean water, eight samples were prepared. 
When experimenting, all four samples were chlorinated at the same time and placed in an incubator 
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to maintain a constant temperature (25 oC). The initial chlorine concentration of the samples was 
decided based on the DOC level of water (detailed in Chapter4). While one sample bottle was regularly 
used for chlorine residuals measurements, other three sample bottles were kept closed and incubated 
to let chlorine equivalents decay happen. Once chlorine residuals (measured using bottle 1) dropped 
to the desired level (as detailed below), each sample bottle that was left unopened to let chlorine 
equivalents decay happen was dechlorinated using Na2S2O3, shook well and stored in the fridge (4 oC) 
until the THM analysis. Steps are detailed as: 
Sample Bottle 1 – Opened the sample bottle at different time intervals and measured chlorine levels. 
Sample Bottle 2 – Once chlorine residuals reached to about 1/3 of the initial chlorine level (measured 
based on sample bottle 1), the sample was dechlorinated by adding Na2S2O3, shook the bottle 
thoroughly and stored in the fridge (4 oC) for THMs analysis.   
Sample Bottle 3 – Once chlorine residuals reached to about 2/3 of the initial chlorine level (measured 
based on sample bottle 1), the sample was dechlorinated by adding Na2S2O3, shook the bottle 
thoroughly and stored in the fridge (4 oC) for THMs analysis.    
Sample Bottle 4 – Once chlorine residuals reached to zero or near zero level (measured based on 
sample bottle 1), the sample was dechlorinated by adding Na2S2O3, shook the bottle thoroughly and 
stored in the fridge (4 oC) for THM analysis.    
The flow chart (Figure 3.4) given below explains the experimental series of bromide concentration 
impact on THM formation. X and Y have added bromide concentrations to the raw water samples (0.1 
mg/L, 0.2 mg/L etc.). According to Figure 3.4, the first column (raw water samples without adding 
bromide) provides the THM formation of raw water throughout chlorine equivalents decaying. The 
second column provides the details of THM formation once the raw water is spiked with x mg/L 
amount of bromide. The bromide concentrations and the sample matrix will be further described in 
Chapter 6.  
The same experimental design was carried out in testifying other parameters such as pH, DOC level 
and chlorine equivalents concentration. In these experiments, only raw water is used (set of samples 
in Figure 3.4 first column) to carry out the experiments keeping the variable as pH, DOC or chlorine. 
The details are included in each chapter separately.  
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Figure 3.4: The flow chart of conducting “bromide concentration on TTHM yield” experiments 
 
3.1.3 Chemical stock solutions preparation 
 
All stock solutions were prepared using analytical grade chemicals in MilliQ water. All the standard 
solutions were prepared in the lab according to the standard procedure. To conduct all chlorination 
experiments, 2.38 g-Cl2/L stock solution was prepared using NaOCl (12.5%). The final chlorine solution 
concentration was verified using spectrophotometer before the experiments. To conduct bromination 
experiments, 1.0 g-Br-/L was prepared using NaBr (99.0%). 1.2875 g of NaBr was dissolved in 1.0 L 
MilliQ water to achieve 1 g/L bromide. The final bromide solution concentration (1 g/L) was verified 
using ion chromatograph before the experiments. Usually, 0.2 g of Na2S2O3 (≥98.0%) was added in 
Nepean water
Bromide impact on TTHM yield
Raw water
Bottle 1- chlorine decay
Bottle 2- THM 1
Bottle 3- THM 2
Bottle 4- THM 3
Raw water + X mg/L bromide
Bottle 1- chlorine decay
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Bottle 3- THM 2
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Bottle 4- THM 3
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the sample bottle to remove free chlorine. Moreover, 1M sulphuric acid (H2SO4) and 1M sodium 
hydroxide (NaOH) solutions were prepared for pH adjustment. 
The following tasks were carried out during the time of my research to achieve the research objectives. 
• Carrying out chlorine equivalents decay tests in different raw water sources 
• Chlorine equivalents decay tests in brominated raw water   
• THM analysis in prepared samples 
• Bromide level analysis in each water source 
• NOM characterization with DOC and UV 
 
3.1.4 Analytical methods  
 
The DOC concentration was measured using total organic carbon (TOC) analyser connected to an auto-
sampler (SHIMADZU TOC-LCPH/ CPN SSM-5000A). The samples were first filtered through pre-washed 
(with Milli-Q water) 0.45 µm pore size filter paper made from mixed esters of cellulose (Merck 
Millipore, Australia, # HAWG047S6) prior to measuring DOC. The minimum detection limit of the 
instrument is 4 µg-C/L, and an experimental error for DOC was ± 5%. UV absorption at 254 nm 
wavelength was measured using Cary 60 ultraviolet and visible (UV-Vis) spectroscopy. The free 
chlorine level was measured throughout the experiment using DPD colorimetric method (N,N-diethyl-
p-phenylenediamine) in HACH DR 2800 spectrophotometer.  
HACH 2800 spectrophotometer chlorine measurement method was validated and tested using 
Potassium Permanganate (KMnO4) – chlorine equivalent standardization method (at neutral pH). 
Considering exact 0.891 g/L amount of KMnO4 is equal to 1 mg/L of chlorine, a known amount of 
chlorine was used to oxidise DPD total chlorine reagent and obtained the concentration, compared 
and validated the accuracy of the spectrophotometer prior to the experiment.    
Each sample was dechlorinated using Na2S2O3 prior to THM and bromide tests. THM measurements 
were attained following two procedures in this thesis. One set of readings were obtained using Gas 
Chromatograph at the laboratory of Western Sydney University while the other set of results were 
obtained from the Sydney Water Corporation Analytical Laboratory, West Ryde.  
THMs test at Western Sydney University: Analytical grade chloroform, bromodichloromethane, 
dibromochloromethane and bromoform were purchased from Sigma Aldrich to calibrate the gas 
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chromatograph. Each THM species stock solution was prepared by dissolving aliquots of analytical 
grade THMs species in purified methanol (>99.9%). The 0.1 g/L THM stock solutions were prepared 
separately by measuring the weight. A known amount of the stock solution was transferred to Milliq 
water to prepare a range of THMs concentrations (0.02 mg/L, 0.06 mg/L, 0.1 mg/L, 0.15 mg/L, 0.2 
mg/L) to calibrate the gas chromatograph.   
Shimadzu Gas Chromatograph GC-2010 Plus was used to measure the THMs levels. Water sample (30 
mL) was used to measure THM at all occasions. To extract the dissolved THMs of water in an organic 
layer, 2.0 mL of pentane (>99.9%) was transferred to the 30 mL sample containing silica septum glass 
vial. After vigorously shaking the prepared organic-water double layered sample for about a minute, 
the vial was left at a very low temperature (4 oC) to settle down and to separate water and organic 
layers for 5 min. The cold temperature facilitates the separation process and leaves the organic layer 
without the contamination of water molecules. 1 µL sample from the pentane layer was extracted 
using a glass syringe for THMs analysis. 
In the lab, Shimadzu GC-2010 Plus was used with RXi-5ms column (0.25 mm inner diameter, 0.25 um 
film thickness and 30 m length). To run the equipment, 200 kPa nitrogen and 600 kPa helium gas were 
used. Split injection mode was used to inject the sample. In the injection unit, 107 kPa pressure, 38.1 
ml/min total flow, 1.35 ml/min column flow and 3.0 ml/min purge flow was maintained. The cycle was 
programmed to start at 55 0C and hold for 3.5 minutes. After that, the temperature was set to increase 
up to 200 0C within 7.5 minutes and to hold for 2.5 minutes. This whole set up method took 12.75 
minutes to complete the program. The cycle was also followed by a cooling program for 4 minutes to 
bring the temperature back to 55 0C. Figure 3.5 shows the peaks given by GC for sample analysis. As 
shown in Figure 3.5, the four peaks are chloroform, bromodichloromethane, dibromochloromethane 
and bromoform respectively.  
Sydney Water laboratory: THMs were tested by an in-house GCMS method following USEPA Method 
8260C. Services used a static headspace while USEPA method used to purge and trap for sample 
delivery. Samples were heated and agitated at a set temperature for a set time, after which an aliquot 
of the headspace gas was analysed by gas chromatography to determine the concentration of the 
analyte of interest in the headspace, which can then be related to the concentration in the original 
sample.   
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Figure3.5: The GC spectrum showing different concentrations of four THMs 
 
Each sample’s total inorganic bromide level was also measured at Sydney Water laboratory by ion 
chromatography using standard method 4110B (Pfaff, 1993). A Dionex ICS 5000 was used with AS-19 
Analytical Column and an AS-19 Capillary Column. 
 
3.1.5 Size exclusion chromatography 
 
Size exclusion chromatographic (SEC) separation of NOM was performed with liquid chromatography 
organic carbon detection (LC-OCD) system. The system was a model 8 LC-OCD technique based on 
Gräntzel thin film reactor developed by DOC-Labor, Dr Huber, Karlsruhe/Germany and the 
chromatographic column was a Toyopearls HW-50S weak cation exchange column by Tosoh 
Bioscience, Tokyo/Japan. The first detector after chromatographic separation is the fixed wavelength 
UV detection (UVD 254 nm) after that the organic carbon detector (OCD) and organic nitrogen 
detector (OND). The SEC fractionation was based on the molecular size; smaller molecules being 
retained for longer in the column due to diffusion into smaller pores and elute after larger molecules 
(Huber et al. 2011) and quantification was carried out using three inline detectors OCD, UV detector 
(UVD) and OND. 
Samples were filtered using 0.45 µm pore size filter (Merck Millipore, Australia, # HAWG047S6, mixed 
esters of cellulose) before the LC-OCD analysis and aliquots (1000 µL) of samples were injected via 
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auto-sampler. A phosphate buffer (28 mmol, pH 6.6) was used as the mobile phase and samples eluted 
at a flow rate of 1.1 mL/min. The chromatograms obtained were interpreted by integration of the area 
under each chromatogram using ChromCALC and DOC-Labour software programs. The detection limit 
of the LC-OCD system was 10 µg/L (measurement range: 1-5 mg-C/L). 
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Chapter 4 
The validity of the yield concept for 
different water sources and impact of 
NOM  
 
4.1 Introduction 
 
NOM comprises of many types of organics and each type affect differently in forming THM both 
regarding amount and the species (Samios et al., 2007, Teksoy et al., 2008). Particulate organic carbon 
(POC) is considered to be less important in forming THM (Sadrnourmohamadi and Gorczyca, 2015, 
Crepeau et al., 2004a). Humic substances, resorcinol and phenolic aromatic structures, have the 
greatest potential to form THMs (Golea et al., 2017). However, some studies express that aliphatic 
structured NOM could act as THM and HAA precursors. In another study, resorcinol type precursors 
were shown to react faster to form THM while the phenol type structures react much slower 
(Sadrnourmohamadi and Gorczyca, 2015, Gallard and von Gunten, 2002, Dickenson et al., 2008). 
Therefore, surface waters collected from different sources may have a different type of organics and 
hence may have different yields. This study compares how organic matter affects the yield in addition 
to establishing the yield as a good predictor of THM formation.  
 
4.2 Materials and methods 
 
Water was collected from the inlet of five water treatment plants (Nepean, Orchard Hills, Wyong, 
Petrie and North Pine). The water sample was collected from the rising main of Petrie water treatment 
plant. The water from Orchard Hills treatment plant was pre-chlorinated. Each water sample was 
filtered through 0.45 µm cellulose acetate membrane filter to remove the suspended matters before 
the adjustment of pH and chlorination. The pH was adjusted to 7.5±0.05, and the samples were 
chlorinated. The samples were incubated at room temperature (24oC), and THM concentrations were 
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measured following the procedure presented in Chapter 3. However, this chapter describes only about 
chlorination of collected raw water samples (First column sample series of Figure 3.4). 
Based on the initial DOC level measured in water samples, the initial chlorine level to be maintained 
was decided. Table 4.1 shows the initial concentrations of chlorine maintained for THMs analysis and 
chlorine decay profiles.  
Table 4.1: Initial chlorine amounts added to raw water samples 
Water sample Chlorine amount added 
(mg/L) 
Nepean water-2 3.0±0.05 
North Pine raw water 4. 90±0.05 
Mt. Crosby treated water 2.55±0.05 
Wyong raw water 6.95±0.05 
Petrie raw water 8.35±0.05 
 
4.2.1 Preparation of low DOC water 
 
All surface waters are usually rich in organic matter due to human activities and natural operations. 
Therefore, in treatment plants coagulation, flocculation and sedimentation processes are carried out 
to reduce the turbidity. This can also eventually reduce NOM (known as DOC). In the laboratory, jar 
tests were carried out to treat water using FeCl3 as a coagulant to remove DOC. In this specific 
experiment, a water sample collected from the inlet of Mt. Crosby water treatment plant was treated 
with FeCl3. 
A FeCl3 solution (1.914 g/L) was freshly prepared using analytical grade FeCl3 (≥ 99.9%). Mt. Crosby 
raw water sample was titrated with FeCl3 until the sample pH drops down to 5.0. After that, the 
respective amount of FeCl3 (which was 175 ml of 1.914 g/L in this experiment), was used to adjust the 
pH from 7.34 to 5.0 in treating 3.0 L of water. Added FeCl3 dosing was 112 mg/L. The jar tests were 
carried out following the standard protocol. Following the addition of a coagulant, the sample was 
mixed at 200 rpm for 2 minutes followed by 20 minutes of 20 rpm and then 30 min of settling.  
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4.2.2 Analytical methods  
 
Chlorine residual, DOC concentrations and composition, UV and THM were measured as per the 
methods detailed in Chapter 3 (sections 3.1.4 and 3.1.5). DOC, UV and some THM measurements 
(Nepean-1 and Nepean-2) were taken at Western Sydney University laboratory while bromide and the 
remaining THM measurements (Nepean-3, North Pine, Wyong, Petrie and Mt.Crosby) were obtained 
at Sydney Water laboratory.  
 
4.3 Results and discussion 
 
The experiments were done using different water sources collected from different areas. Each water 
source has diverse geological characteristics, and the contaminants of water are different. Especially 
the surface water is subjected to many kinds of human and environmental activities. These different 
activities pollute water with several types of plants, animals and contaminants which bring unique 
qualities to the water of each source. The organic matter is comprised of animal excreta, dead plants, 
dead organisms, and some human wastes. Each organic matter has different characteristics and 
unique molecular structures and depending on that, the way they react with chlorine and bromide 
could be different. The structure of each organic matter could impact the THM type and concentration 
of each THM species and can create a very high impact on THM formation.  
 
Table 4.2: The characteristics of raw water used in the study 
Water sample DOC 
 (mg/L) 
UV absorbance  
at 254 nm (1 cm 
cell) 
Specific UV 
absorbance (SUVA) 
Nepean water-2 4.78 0.0828 1.73 
North Pine raw water 4.89 0.1418 2.90 
Mt. Crosby treated water 1.82 0.0697 3.83 
Wyong raw water 8.99 0.3154 3.51 
Petrie raw water 9.88 0.3408 3.45 
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As explained in the literature, SUVA (specific ultraviolet absorbance) is the absorbance of ultraviolet 
light at a given wavelength that is normalised for DOC concentration. SUVA is strongly analogous to 
the percentage aromaticity of organic matter hence describes the DOM of the sample. The aromaticity 
and molecular weight of dissolved organic matter in water samples could be interpreted by SUVA. 
SUVA in natural water varies from 1 to 6 L mg-1 m-1 (Weishaar et al., 2003). According to Table 4.2, 
except for Nepean-1, all the SUVA values are in a narrow but middle levels. All water samples showing 
similar SUVA levels are expected to have similar aromaticity. However, experiments have proven if 
the SUVA value is less than 2.0 L mg-1 m-1 in a raw or treated water source, coagulation or softening 
process may not be effective due to the low SUVA level (Weishaar et al., 2003). 
Given that, the relatively low SUVA values obtained in this water sources may indicate that a treatment 
process may or may not affect the aromaticity of NOM of these samples. Hence, it is difficult to decide 
the degree of impact coagulation process did to Mt. Crosby water in altering the aromaticity. The 
water quality statistics are further described under section 3 of Appendix.  
Figure 4.1: Characterization of DOC content in Nepean-2 raw water 
 
Figure 4.1 shows the LC-OCD chromatogram obtained for Nepean-2 water. Moreover, Nepean-2, 
Nepean-3 and Wyong water characteristics are presented in Table 4.3. According to the data each 
water source is comprised of different percentages of HOC (Hydrophobic Organic Carbon) and CDOC 
(Chromatographable Dissolved Organic Carbon). Generally, CDOC has a higher percentage compared 
to HOC, which again can be subdivided into Bio polymers, Humic substances, Building blocks, Low 
molecular weight neutrals and low molecular weight acids.  
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Table 4.3: Characterization of DOC content in Nepean-2, Nepean-3 and Wyong water 
Water 
Source 
HOC 
(mg/L) 
 
 
CDOC (mg/L) 
 
Bio 
polymers 
(mg/L) 
Humic Subs. 
(mg/L) 
Building 
Blocks 
(mg/L) 
LMW 
Neutrals 
(mg/L) 
LMW Acids 
(mg/L) 
Nepean-2 0.18 0.12 2.67 0.69 2.03 n.q 
Nepean-3 0.795 0.217 0.99 0.419 3.02 n.q 
Wyong 0.335 0.125 4.108 1.172 3.248 n.q 
 
Nepean 2 and 3 waters show a considerable difference (Nep-2 HOC: 3.27%, Nep-3 HOC: 14.6%) 
between the HOC amounts. HS is described as the major organic precursor in DBP formation according 
to previous studies. Therefore, the high level of humic substances in Nep-2 and Wyong is expected to 
produce a higher amount of THMs compared to Nepean 3 water.  
 
4.3.1 Chlorine decay characteristics 
 
All raw water samples were spiked with different chlorine doses depending on their DOC levels at a 
ratio of DOC: initial Cl2 concentration of about 1:1. Chlorine in each sample decayed at different rates, 
but most of the dosed chlorine decayed within 3000 min (50 h) (Figure 4.2). The chlorine decay rate 
of each incubated water sample depends on the incubation temperature, dissolved organic matter, 
initial chlorine dose and other inorganics such as bromide, ammonia (Fisher et al., 2012).  
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Figure 4.2: Chlorine decay profiles of selected water sources 
 
4.3.2 Chlorine decay and THM formation characteristics 
 
Figure 4.3: Nepean water-2 chlorine decay and THM production with time (Initial conditions–4.78 
mg-C/L; 2.99 mg-Cl2/L and 0.041 mg-Br/L ). Error in THM measurements is ± 2%. 
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THM production was observed once the chlorine reacts with DOC and bromide in water. The 
formation of each species of THM depends on the bromide, chlorine, DOC level etc. The following data 
in Figures 4.3, 4.4, 4.5 and 4.6 were obtained using Nepean raw water, Wyong raw water, Petrie raw 
water and North Pine raw water, respectively. 
As Figure 4.3 shows according to the experiments carried out using Nepean-2 water, all THM species 
production increased with time. However, bromoform has not been produced here possibly due to 
the lack of bromide concentration (0.041 mg/L). Among all THM species, chloroform has the highest 
percentage of TTHM while the other two THM types share lower levels.  
Figure 4.4 depicts the chlorine decay and the formation of THM, respectively. As shown in the graph, 
THM formation increases with time, as the chlorine is consumed by reaction with DOC. Chloroform 
has the highest percentage of TTHM followed by bromodichloromethane and 
dibromochloromethane. Even though the Wyong water had 0.187 mg/L bromide level, the raw water 
chlorination surprisingly did not produce any bromoform. 
Both Figures 4.5 and 4.6 show the similar behaviour regarding chlorine decay and THM formation. 
However, Petrie raw water has a higher amount of chloroform forming compared to other two THM 
species possibly due to high Cl/Br ratio.  
 
Figure 4.4: Wyong raw water chlorine decay and THM production with time (Initial conditions–8.988 
mg-C/L; 6.92 mg-Cl2/L and 0.187 mg-Br/L). Error in THM measurements is ± 2%. 
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Figure 4.5: Petrie raw water chlorine decay and THM production with time (Initial conditions–9.884 
mg-C/L; 8.35 mg-Cl2/L and 0.048 mg-Br/L). Error in THM measurements is ± 2%. 
 
Figure 4.6: North Pine raw water chlorine decay and THM production with time (Initial conditions–
6.581 mg-C/L; 4.89 mg-Cl2/L and 0.081 mg-Br/L ). Error in THM measurements is ± 2%. 
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According to the above graphs, a higher amount of added chlorine has always produced higher THM 
levels. Both Nepean and Petrie water results show that the highest percentage of THM has been in 
the form of chloroform while bromoform has not been produced under such circumstances. This may 
be related to the Cl/Br ratio as shown in Table 4.4. The Cl/Br ratio impact on THM formation and 
species specification is further discussed under “Effect of bromide” in Chapter 2.7.3.   
Therefore, the produced THMs are more likely to be in the form of chloroform and 
Bromodichloromethane. Bromodichloromethane also contains two atoms of chlorine and one atom 
of bromine, which also has a higher chance of occurring at the elevated chlorine concentrations. This 
is further explored later in Chapter 6. 
 
Figure 4.7: Mt. Crosby treated water chlorine decay and THM production with time (2.55 mg/L 
chlorination and 0.211 mg/L bromide). Error in THM measurements is ± 2%. 
 
Table 4.4: Cl/Br ratios, chloroform and bromoform production of water sources 
Water sample Cl/Br Chloroform (ug/L) Bromoform (ug/L) 
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Mt. Crosby treated 
water 
12.10 5.6 12.8 
Wyong raw water 37.04 205 0 
Petrie raw water 173.99 334 0 
 
Meanwhile, Mt. Crosby treated water shows a very different THM formation pattern compared to 
other raw water THM productions. As expected the TTHM amount of treated water is very low 
compared to others. The treated water has a less amount of NOMs which technically limits the amount 
of DOC in water that can produce THM. Another interesting observation of the Mt. Crosby treated 
water results is the change in the pattern of THM production. Usually, chloroform occupies the highest 
percentage of THM production, followed by bromodichloromethane, dibromochloromethane and 
bromoform. But in treated water, the THM species ratio has changed highly. The bromide content of 
the Mt. Crosby water is comparatively very high (0.211 mg/L) while chlorine amount used is 
comparatively low (2.55 mg/L), which makes the Cl/Br ratio lower as well. Due to the low Cl/Br value, 
the bromoform production has become comparatively high while dibromochloromethane occupies 
the highest percentage of THM amount. Chloroform occurrence is the lowest in this treated water 
while bromodichloromethane production is also comparatively low.  
Mt. Crosby water in this experiment has been treated before using FeCl3 as the coagulant, and the 
treatment has removed DOC concentration from 5.86 mg/L to 1.82 mg/L. This treatment also may 
have changed the molecular structure which ultimately altered the TTHM composition.    
Another set of readings were taken using Nepean water-2, Wyong water, Petrie water and North Pine 
water to evaluate the accuracy and validity of the yield approach. In this graph, TTHM levels were 
measured and recorded at different instances of chlorine decay. At each point, the amount of chlorine 
consumed was also calculated from chlorine measurements, and yield was calculated as TTHM 
produced per mg/L of chlorine consumed, by the DOC in water, to produce THMs.  
The idea behind calculating the yield is to understand how the consumed chlorine has been used to 
produce THMs. The consumed chlorine concentration is calculated and assumed as the spent amount 
of free chlorine. Figure 4.8 shows the increase of the TTHM level with chlorine consumption, in raw 
Nepean-2, Wyong, Petrie and North Pine river water. The liner graphs show the correlation of TTHM 
formation with the consumed amount of chlorine. The slope of the line represents the “yield.” 
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Higher DOC containing water produced a higher amount of THMs from the reaction between NOM 
and chlorine confirming the reported literature. However, Figure 4.8 clearly shows the amount of 
produced THM is directly proportional to the amount of consumed chlorine with very small deviation 
from linearity (R2 > 0.985), implying the yield concept could be used to model the TTHM formation in 
the water. Also, the figure shows the fitted curve of TTHM concentrations plotted vs consumed 
chlorine follows the same curve. The yield varied between 43.4 and 45.0 µg TTHM/mg-Cl2 reacted, 
with an average (±standar deviation) of 44±0.9 µg TTHM/mg-Cl2 reacted, despite their DOC, bromide 
concentration and NOM characteristics. 
 
 
Figure 4.8: Validity of using yield (ug-THM/mg-consumed Cl2) 
 
In the case of Nepean-2 water, the DOC was 5.442 mg/L, and the yield was 36.9 which is about 5.6 µg 
TTHM/mg-Cl2 reacted smaller than the average. The reason for such behaviour may be related to the 
organic matter characteristics, and the amount of bromide in the water, and hence is explored further 
in the next few chapters. 
The behaviour is possible only when the NOM is sufficiently present in the water to react with oxidants 
- reactive chlorine and bromine species. In Mt Crosby treated water the DOC is 1.82 mg/L and 
produced. There is not much organics to react with chlorine. In this case, the yield is low and not found 
to be linear (R2=0.91) as shown in Figure 4.9 and hence needs further analysis and understanding. 
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Figure 4.9: Mt Crosby treated water (DOC = 1.823 mg/L and Br = 0.211 mg/L) 
 
Yield is calculated based on the THM amount produced and the chlorine amount consumed. All these 
parameters were taken using different equipment those have some amount of error percentage in 
the readings. THM measurements produce ± 2% error in each reading. (THM error producing was 
calculated according to the method proposed in the research article “Chlorine demand-based 
predictive modelling of THM formation in water distribution networks” by (Courtis et al., 2009)). DOC 
was measured using Shimadzu laboratory total organic carbon analyser with an experimental error of 
± 5% while free chlorine measurement has an experimental error of ± 0.05 mg/L. Therefore, the total 
percentage of error calculation was done to further investigate the experimental results.  
The yield was calculated based on the chlorine level, and the simultaneous production of THM, which 
makes every chlorine difference has a 0.1 mg/L error produced. Therefore, each chlorine difference 
produces a unique error percentage depending on the chlorine level, and they were calculated 
separately. The total error of yield sums up the THM measurement error and the chlorine 
measurement error as shown in Figure 4.10. 
Figure 4.10 summarises the yield against the DOC levels. The water with higher DOC level produces 
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similar. If the DOC is higher, more sites will be available for halide substitution and also would consume 
more chlorine. In the process will form a higher amount of TTHM as shown in Figures 4.5 & 4.10 for 
Petrie water. 
Figure 4.10 depicts another important relationship between DOC level and TTHM yield.  For most raw 
(untreated) waters, TTHM yield was constant. When the water is treated TTHM yield decreases 
probably because the treatment takes away the THM precursor substantially which result in reduced 
TTHM field. 
The treated waters, however, had shown lower yields indicating that the treatment has reduced the 
TTHM precursors, preferentially. It also has produced more brominated THM as opposed to the raw 
water (Fig.4.5). This can be explained by the fact that Br substitution is preferred (i.e. ten times faster) 
over chlorine substitution and treated water contains less number of sites for halides (Cl or Br) to 
substitute. In this case, majority of the sites would be substituted with Br hence when chlorine further 
reacts, the reaction forms more brominated THM. 
 
 
Figure 4.10: TTHM yield fluctuation with DOC concentration. (Error in DOC measurements is ± 5%). 
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4.4 Summary 
 
DOC level of the water within the tested range from four different locations showed similar TTHM 
yields, implying that water containing the NOM composition obtained from the environment has 
similar yields. 
The removal of NOM by coagulation or pre-chlorination reduces the yield substantially.  
In Mt Crosby, when the NOM was treated with coagulation to remove DOC, the resulting water 
produced THM containing more brominated compounds than the untreated water. 
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Chapter 5 
Effect of chlorine dose and pH on the 
yield 
 
5.1 Introduction 
 
The amount of chlorine added and the pH level of the water are the other two main parameters 
affecting the TTHM formation. Chlorine concentration affects because it determines how much of the 
bromide would be oxidized to reactive species such as HOBr or OBr- and how much of HOCl and HOBr 
react with organics to form TTHM. The relative concentrations of HOBr and OBr- or that of HOCl and 
OCl- are affected by the pH of the water. Hence the pH of the water can also impact the reactivity of 
the NOM with chlorine.  
Chlorine reacts with a NOM in three phases to produce THM which are; chlorine is suppressing the 
demand and creating the very little amount of THM, chlorine reacting very fast creating the bulk of 
THMs and thirdly chlorine reacting very slow resulting in a low rate of THM formation (Brown et al., 
2011). Even though the THM concentration increases with chlorine dose, the increment is not within 
the first three hours (El-Dib and Ali, 1995). On the contrary, a good correlation (R2=0.879) between 
chlorine dose and THM formation has been reported in the past (Uyak et al., 2005). There are Some 
experiments suggest that THM formation is more affected by bromide and disinfectant dose, 
compared to temperature, pH and reaction time (Hong et al., 2013). This finding implies that the 
“yield” concept cannot be used for the whole spectrum of chlorine decay especially when larger doses 
of chlorine are applied. Therefore, it is important to understand if the “yield” concept is still valid with 
varying doses of chlorine. 
As the HOCl is the most reactive species of OCl- and HOCl, and the relative amounts of HOCl and OCl- 
are strongly dependent on pH (pKa of HOCl/OCl- is 7.5), the pH may play a critical role in determining 
the amount (Uyak et al., 2005) and species of TTHM formed (Obolensky and Singer, 2008). The pH 
affects significantly on THM species concentration. Increased pH has led to higher concentrations of 
THM and hence higher THMFP (Pourmoghaddas and Stevens, 1995, Waters and Hung, 2014). Similarly, 
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if the water sample contains bromide, bromide will be oxidised more if more HOCl is present in the 
water. Oxidised bromide (i.e. HOBr and OBr-) is much more reactive than the chlorinated counterparts 
(HOCl and OCl-). The pH also changes the relative concentrations of HOBr and OBr- as pKa of HOBr/OBr- 
is 8.65. The pH also effects on reactivity organics as the functional groups change their nature (Hung 
et al., 2017).  The variation of oxidant species could be one of the reasons for others finding the effect 
of pH on chloroform formation (Obolensky and Singer, 2008).  
Given this, it is important to study the impact of pH on the yield. This chapter is set out to understand 
how pH (between 7.5 and 8.5) and chlorine doses effect on the yield. 
 
5.2 Materials and methods 
 
5.2.1Impact of chlorine dose 
 
Nepean raw water was selected to understand the impact of chlorine dose on TTHM yield. Three 
different 200 ml water samples were used in this experiment each of them chlorinated separately with 
2.74 mg/L, 2.99 mg/L and 6.5 mg/L. In each sample, the pH was adjusted to be around 7.5, and 0.3 
mg/L of bromide was maintained. Orchard Hills treated water was also used in this experiment as 
another source to observe the chlorine impact by adding 2.29 mg/L chlorine, 0.3 mg/L bromide and 
the pH level maintaining at 7.74. The samples were tested for chlorine decay and THM formation 
following the procedure provided in Chapter 3.  
 
5.2.2 Impact of pH  
 
North Pine raw water was selected for the next set of experiments to observe the impact of pH on 
TTHM yield. Two sample sets of 200 ml were measured in separate bottles for THM measurements. 
The raw water samples without treating or bromide addition were used in this experiment. The 
experimental set-up and method to obtain the THM concentrations were followed as described in 
Chapter 3. The two water sample conditions can be described as below. 
 Raw water sample set 1 was maintained at pH 7.58, and the samples were chlorinated at an initial 
dose of 4.89 mg/L. The THM concentrations were measured at chlorine decay levels of 3.28 mg/L, 1.95 
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mg/L and the end when chlorine levels are close to zero. The THM level was recorded, and the yield 
was calculated. 
Raw water sample set 2 was maintained at pH 8.63, and the samples were chlorinated with 5.04 mg/L 
initial concentration. The THM concentrations were measured at chlorine levels of 3.06 mg/L, 1.38 
mg/L and the end when chlorine levels are close to zero. Then the THM level was recorded, and the 
yield was calculated. 
 
5.3 Results and discussion  
 
5.3.1 The impact of chlorine level  
 
According to the literature, the amount of chlorine used in the disinfection process is one of the main 
attributes that help in THM formation. Table 5.1 shows the different chlorine concentrations used, the 
TTHM yields obtained and the Cl2/Br ratios.    
Table 5.1: THM production and yield variation with chlorine concentrations  
Water source Initial chlorine dose 
(mg/L) 
TTHM yield (ug/mg) Cl2/Br 
Nepean water-2 2.99 54.1±4.5 72.9 
Nepean water-3 5.94 56.3±3.8 138.1 
Orchard Hills water 2.29 56.2±5.3 50.9 
 
The initial chorine dose does not drastically impact yield (Table 5.1). The above, different Nepean 
water samples were collected in several instances and three different seasons. The first sample of 
Nepean water (2.74 mg/L chlorinated) was collected in autumn while 2.99 mg/L chlorinated sample 
was collected in winter and the 5.94 mg/L sample was collected in summer. All these samples were 
freshly collected, and the THM levels were measured. In literature, it has been described that the 
temperature also affects majorly in deciding THM concentration which is also proved to be not 
impacting highly according to the results. The DOC characteristics clearly could have changed due to 
the seasonal variations and other human activities. Even the bromide level was shown to be revolving 
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between 0.040-0.045 mg/L between the seasons. The DOC characteristics and the slight changes of 
bromide levels also could have impacted on the yield. 
However, the major observations of these results are the narrow range of yield values. Even though 
the chlorine concentration increased in double, yet the yield values have not shown a considerable 
elevation from the other value. Anyhow it is obvious that the TTHM amount is increasing with the 
augmentation of chlorine levels. This elevation of TTHM with consumed chlorine shows a linear 
relationship as shown in Figure 4.8, which makes the TTHM yield relatively constant regardless of the 
chlorine concentration.  
According to the above yield calculations, the THM amount form per 1mg/L is not highly affected by 
the amount of chlorine used in disinfection. In the past TTHMFP experiments, the impact of chlorine 
does to THM production had been described as one of the major factors. However, the above results 
prove that the amount of chlorine used in disinfection does a less impact on TTHM yield.  
 
5.3.2 The impact of pH on TTHM yield 
  
The pH level is a very important parameter in chemical reactions. pH level fundamentally shows the 
acidity or alkalinity level of a solution. Most of the chemical reactions are highly influenced by 
hydronium and hydroxide ions, which is also shown in pH value.  Especially among the reactions of 
chlorination and THM formation, the pH level can impact considerably. As described above, the TTHM 
amount the individual THM species concentrations are highly impacted by pH level. It not only impact 
on chlorine hydrolysis but also bromine speciation as well. Relative concentrations of HOCl and OCl- 
ions and that of HOBr and OBr- ions form when there is bromide present in the samples, that can effect 
on forward and backward reaction kinetics and hence the THM formation. The following experiments 
were undertaken to understand if pH would impact on THM concentration and yield within the 
practical range of pH applied in water supply systems.  
Even though the pH level can range from one to fourteen in chemical reactions, in water treatment 
plants, pH level doesn’t fluctuate in mass numbers and always maintained around 7.5 in supplying 
quality drinking water. Lower pH levels can corrode the plumbing system and incomplete disinfection 
while higher pH levels can add tastes and odours to water. Moreover, it is the most suitable pH range 
to maintain stable chlorine concentration in the distribution system. Given that, pH 7.58 and 8.63 were 
considered in the above experiment to monitor the yield at two relatively close chlorine levels (4.89 
and 5.04) while bromide, DOC and other parameters kept constant.   
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Figure 5.1: TTHM yields of two different pH values (North Pine raw water) 
 
According to Figure 5.1, the 1.05 pH difference has not created any considerable impact on the yield 
of THM.  
 
5.4 Summary: 
 
Initial chlorine dosing did not change the yield significantly. This has to be evaluated given Cl/Br ratio 
in the future. 
pH is a major factor which carries a significant concussion of Cl/Br hydrolysis and THM formation. 
However, according to the conducted experiments, pH differences occur in a practical range (7.5-8.5) 
of a water treatment plant has not affected in yield as well. This attribute has to be discussed further 
using more water sources and data points in future research.    
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Chapter 6 
Impact of bromide on yield 
 
6.1 Introduction 
 
Bromide, chlorine and NOM play a key role in producing THMs. Added chlorine (HOCl or OCl- species) 
reacts with bromide to form HOBr and OBr-. As molar concentrations of bromide are usually much 
lower than the added chlorine concentrations, both HOCl and HOBr coexist. HOBr and HOCl chemical 
reaction pathways with DOC are analogous (Tan et al., 2016). HOCl is responsible for producing 
chlorinated disinfection by-products while HOBr is responsible for brominated by-products.  The 
reaction rate of HOBr with DOC is much faster than that of HOCl (Teksoy et al., 2008). Also, previous 
studies have shown that creating Br-carbon bond is at least ten times faster while HOBr shows 25 
times stronger halogen substitution to the organic matter than HOCl (Deborde and von Gunten, 
2008a, Chang et al., 2001, Regli et al., 2015). Chlorine on the other hand has high oxidising power 
hence converts bromide to HOBr. It implies that, if bromide is present, brominated disinfection by-
products are preferentially produced.  
The pH has a significant role in determining the proportion of HOBr and HOCl since their pKa were 
8.59 and 7.5, respectively. Below pH 8.59, HOBr dominates over OBr- at around pH 7.5 (or low), the 
majority of species (HOBr/OBr-) is in the form of HOBr. Similarly, below pH 7.5 HOCl dominates over 
OCl-. Chlorinated drinking water supplied through the distribution system is never below 7 to prevent 
corrosion, and never above 7.6 to achieve good disinfection (the disinfection ability of HOCl is about 
80 times that of OCl-). Therefore, the pH of the water is maintained between 7.1 and 7.6 during the 
experiments. 
The following experiments were designed to investigate the impact of bromide on THM formation. 
Based on the fact that many Australian drinking water sources have high amounts of dissolved 
bromide concentrations, the experiments were developed to monitor the responses of different 
chlorine concentrations with different bromide concentrations.  
Samples collected from different drinking water sources were used for the experiment, and they were 
spiked with different amounts of bromide to maintain a range of bromide concentrations. 
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Chlorine concentration was measured using these samples, and the effect of bromide was described.      
 
6.2 Materials and methods 
 
All six water sources were used to measure the chlorine and THM profiles with time. Each water 
sample’s DOC level was measured, and the pH was adjusted between 7.1 and 7.6 prior to all 
experiments. The samples were chlorinated, incubated at room temperature (240C) and chlorine 
profiles were monitored with time. Experiments to determine chlorine and THM profiles were carried 
out as explained in Chapter 3. The sample bottle matrix was maintained as shown in Figure 3.4. 
Different bromide and chlorine doses were used (Table 6.1). 
Table 6.1: Bromide, chlorine concentrations and pH levels used in experiments 
Water source Chlorine dose (mg/L) Maintained bromide 
concentrations (mg/L) 
Adjusted pH value 
Nepean water- 3 
Summer 2017 
5.94 0.043 
0.193 
0.343 
0.443 
0.543 
7.36 
Orchard hills water 2.29 0.045 
0.345 
7.74 
Wyong water 6.92 0.187 
0.287 
0.387 
7.28 
Petrie water 8.35 0.048 
0.148 
7.32 
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0.248 
North Pine water 4.89 0.081 
0.181 
0.281 
7.58 
Mt. Crosby treated 
water 
2.55 0.211 
0.311 
0.411 
7.67 
 
6.3 Results and discussion  
 
Bromide is described as one of the major factors affecting THM formation. Bromide concentration in 
water determines the TTHMFP and THM speciation and concentrations. However, the impact of 
bromide on TTHM yield has not been analysed before. As of Chapter 4, yield could be used to predict 
TTHM. Figure 6.1 further explains the yield behaviour with bromide concentration. 
Figure 6.1: TTHM yield behaviour change on bromide concentration (Nepean-3) 
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As the bromide level increases the yield value increases. Figure 6.1 presents the Nepean-3 TTHM 
formation with the consumed chlorine. The slope of each graph represents the yield value of 
respective bromide concentration. The high R2 values of the graphs (0.9947, 0.9947, 0.9895, 0.9982 
for 0.043, 0.193, 0.343, 0.443, and 0.543 mg-Br/L, respectively) portray the accuracy of yield concept 
for different bromide concentrations.  The yield fluctuation concerning bromide concentration is 
represented in Fig. 6.2. Among all tested parameters, bromide had the highest impact.  
 
Figure 6.2: Nepean water-3 yield change with bromide concentration 
 
Further samples from Sydney and Queensland were tested to explore how TTHM yield varied with the 
bromide concentration (Table 6.2). These water sources had a wider range of bromide and DOC 
concentrations. Moreover, the samples were maintained at a narrow pH range (7.1-7.6) before they 
were spiked with specific chlorine concentrations (Table 6.2). 
Table 6.2: The water sources and their initial DOC, bromide, chlorine concentrations and pH values.  
Water Source DOC level (mg/L) Bromide level 
(mg/L) 
Adjusted water 
pH 
Chlorine level 
(mg/L) 
Orchard Hills 
treated water 
4.52 0.045 7.1-7.4 2.29 
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Wyong raw water 8.99 0.187 7.28 6.93 
Petrie raw water 9.88 0.048 7.32 8.35 
North Pine treated 
water-1 
3.38 0.083   
North Pine raw 
water-2 
6.58 0.081 7.58 4.89 
Mt. Crosby raw 
water 
6.25 0.177 7.24  
 
 
Figure 6.3: TTHM yield values of different water sources.  
(North Pine 1 and Orchard Hills waters were chlorinated at the treatment plant before subjecting to 
chlorine dosing in the laboratory.) 
Figure 6.3 sums up all the data obtained for different water sources with different adjusted bromide 
concentrations. The bromide concentration affects the TTHM yield in all water sources follow similar 
pattern regardless of the different chlorine doses, DOC values, and the source of NOM (and thus the 
characteristics of NOM) and pH variation (7.1-7.58), except for two tested samples: North Pine-1 and 
Orchard Hills. The reason for such behaviour is explained below: 
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One sample of North Pine water (North Pine-1 in Figure 6.3) has already been through the 
conventional treatment process. The water sample was collected from the plant after the 
conventional treatment (coagulation/flocculation/sedimentation/filtration) and pre-chlorination. 
First, the bromide level was measured, and then the experiment was carried out to determine the 
TTHM yield. The yield value of North Pine treated water is less than the other group. This sample was 
tested separately, and only one data point is available.  A similar observation could be drawn from 
Orchard Hills treated water which has already been pre-chlorinated.  
Collected Orchard Hills contained 0.045 mg-Br/L and showed a low TTHM yield compared to other 
water sources possibly due to DOC structure alteration caused by pre-chlorination. However, 0.3 mg/L 
bromide addition produced a comparatively higher TTHM yield (56.2 ug/mg). Despite water being 
partially treated, 4.52 mg/L DOC level may have facilitated the higher THM production. This 
observation needs further exploration to understand how actual TTHM are formed in treated water 
and these experiments should be conducted in the laboratory. 
The yield of North Pine on the second occasion (North Pine-2) for 0.081 mg-Br/L has shown a 
considerable difference from other yield values, but cluster with other raw samples (0.043 mg-Br/L 
containing Nepean-3 and 0.048 mg/L containing Petrie). This is an aberration from other sets of data 
which needs further investigation. For the following discussion, these points are neglected and are 
referred to as abnormal points.   
All data points, except the abnormal points, of Figure 6.3 presents a trend. This behaviour was noted 
despite the difference in their NOM characteristics, pH or DOC concentration of the raw or treated 
water for all tested bromide concentration. 
 
6.3.1 Impact of bromide in the water treated to a very low DOC 
value (<2.0 mg-C/L) 
 
The plot of TTHM vs consumed chlorine of Mt. Crosby treated water, however, presented a completely 
a different behaviour (Figure 6.4) to that observed in Figure 6.3. The water was treated in the lab using 
FeCl3, and the DOC has reduced to 1.82 mg/L. Coagulation usually removes higher molecular weight 
NOM, and hence the treated water could have contained low molecular weight compounds.  
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Table 6.3: Mt. Crosby treated water characteristics  
Water Source DOC level 
(mg/L) 
Bromide level 
(mg/L) 
Water pH Chlorine 
level (mg/L) 
Mt. Crosby treated water 1.823 0.225 7.34 2.55 
 
 
Figure 6.4: Mt. Crosby freshly treated water TTHM yield values against consumed chlorine 
 
This low level of DOC was expected to be producing a very low chlorine decay rate. Contradicting the 
expectation, the chlorine decayed to half the concentration within the first two hours of chlorination 
of treated water (Figure 4.8). One major reason that can be justified the above observation is the 
presence of inorganic compounds such as ammonia and nitrite which consume chlorine without 
reaction with NOM. Ammonia was not measured, and hence the decay cannot be assigned to 
ammonia. 
The most plausible explanation is that insufficient sites to react with chlorine (HOCl) and bromine 
(HOBr) or the presence of other chlorine demanding compounds than NOM. If the former is true, there 
is a DOC concentration with a certain molar concentration of unsaturated carbon bonds for a given Cl 
concentration that will limit the formation of THM despite the presence of bromide. Therefore, 
Cl/DOC values were plotted against the Cl/Br ratio to understand the behaviour in Figure 6.6.  
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Figure 6.5: Cl/DOC molar ratio (smaller the ratio higher the number of sites) and the Br/Cl molar 
ratio (higher it is higher the chance of bromination). 
 
The abnormal points occupy the region of low Br/Cl and high Cl/DOC region. Mt Crosby treated water, 
on the other hand, occupy the other extreme (highest Cl/DOC and high Br/Cl region). These results 
show the behaviour is controlled by the Br/Cl as well as Cl/DOC ratio. When the organic matter in 
water is considerably high, the yield interpretation behaves well. Cl/Br ratio is important in deciding 
the type of THM produced, but it does not noticeably impact on TTHM concentration in high DOC 
samples. When the water is treated, the organic matter characteristics are changed, and the DOC level 
is low with a high percentage of low molecular weight. The low DOC experiments were only done using 
Mt. Crosby water in this research which as a very high amount of bromide compared to the other 
water sources. It is still the same with less bromide-containing water source? or is this because of the 
low DOC value? The question needs further investigation.  
Additional if water contained inorganic chlorine demanding compounds such as nitrite, ammonia 
chlorine would be consumed by these compounds but not in halogenating or breaking down 
chlorinated NOM. Since the analysis was not made of these compounds, it is difficult to comment on 
the exact reason(s). On the other hand, if that is true for all waters without inorganic compounds, the 
results may indicate a lower yield for DOC removed water.  
As the bromide-yield curve shows, after some point of bromide concentration, its impact on TTHM 
yield cease to exist. Moreover, the bromide level of a particular water source does not rapidly change 
unless for major pollution, rain event or human activity. Therefore, the bromide level can be fairly 
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constant and contain within a certain range for a period, which makes it easy to study about the THM 
production. According to the above results, if the bromide concentration is known as a water source, 
the amount of TTHM produced in the disinfection process can be predicted. Even though it has been 
mentioned before that chlorine dose can impact highly on THM production, yield explains that those 
well-known parameters are impacting by proportionally increasing the amount of TTHM. NOM 
characteristics and DOC level leave a question mark on this research due to its impact on yield 
compared to other parameters. Therefore, the impact of DOC on TTHM is an important field that has 
to be further investigated in the future.  
 
6.3.2 Molar yield of TTHM 
 
TTHM yield was so far calculated by weight concentrations. However, to predict the actual THM 
formed at the species level, it is important to understand how molar concentrations vary.  Figure 6.6 
depicts the TTHM molar yield change with chlorine concentration. The raw water samples of Nepean-
3, Wyong, Petrie and North Pine (Bromide levels are 0.043 mg/L, 0.187 mg/L, 0.048 mg/L and 0.081 
mg/L respectively) were used. According to Figure 6.6, TTHM molar yield fluctuates between 23.4 and 
27.3 µmol/mmol, with only one sample with a bromide concentration of 0.193 µg/L stands out from 
the rest at 23.4 µmol/mmol.  
 
Figure 6.6: TTHM molar yield change with chlorine concentration in different water sources 
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Figure 6.7: TTHM molar yield value changes with bromide concentration in different water sources 
 
When molar TTTHM yield was plotted against bromide concentration for different water samples 
(Figure 6.7), it showed a constant value with little fluctuation (25.5±1.5 average ± standard deviation), 
indicating that sites are gradually halogenated by reacting with chlorine or that they are liberated from 
a bigger halogenated organic molecule. More importantly, this provides an opportunity to predict the 
molar concentrations of TTHM for the amount of reacted chlorine but does not lead to actual TTHM 
concentration or species level concentrations. To understand how individual species are formed, the 
variation of individual species should be tracked.  
 
6.3.2 Variation of the fractional molar concentrations of 
halogenated species with time  
 
Time series profile of each of the species vary with time, but how the fraction varies with time has not 
been reported. The variation of the fraction of the species for Nepean-3 sample was plotted for various 
bromide concentrations.   
The four graphs present molar fractions for bromide concentrations of 0.043 mg/L, 0.343 mg/L, 0.443 
mg/L and 0.543 mg/L (Figure 6.8).  Interestingly, the molar fractions of different species remain 
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constant throughout the incubation from the point of chlorine dosing, except for the first few minutes, 
especially for high bromide containing waters. These results confirm the recent findings that halogen 
substitution occurs within the first few minutes and later the organic compounds are broken down to 
form halogenated species, but this needs to be further explored in the future. This attribute gives a 
very important relationship to easily predict the halogenated species concentrations with time. 
 
Figure 6.8: Molar fraction values of Nepean-3 water in four different bromide concentrations. 
 
Profiles of THM species at the end of incubation (i.e. after all dosed chlorine is consumed) for different 
initial bromide concentrations are provided in Figure 6.9. With the increase of bromide concentration, 
chloroform concentration decreases significantly. However, concentrations of all three brominated 
species increase with bromide increment. The results show that more the bromide in the water, more 
the brominated THM species formed. Interestingly, after a certain bromide concentration (>340 µg-
Br/L), bromodichloromethane molar fraction did not increase but reached the optimum value and 
slightly declined.  
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Figure 6.9: Molar fraction change of each THM species with bromide concentration (Nepean-3 
water) 
 
6.4 Summary   
 
A noteworthy relationship can be identified between TTHM yield and bromide concentration (0.04-
0.55 mg/L bromide) in raw water. Elevation of bromide elevates TTHM yield simultaneously in most 
occasions, which is the only known parameter (among chlorine concentration, DOC level, pH level and 
bromide concentration) shown a strong impact on TTHM yield.   
However, lower bromide concentrations (>0.15 mg/L) and lower DOC levels (<2.0 mg/L) do not always 
follow the norm, which has to be studied further.  
The molar yield values of TTHM indicate a significant consistency with different bromide 
concentrations. The molar yield values among all water sources follow the same but constant pattern.  
Furthermore, if the bromide level of the water source and the chlorine amount used for disinfection 
is known, the molecular concentration stability can be used to predict the TTHM production in all 
cases. Hence, the TTHM amount and each THM species to produce per unit of chlorine can be roughly 
calculated prior to the treatment process.   
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Chapter 7 
Impact of bromide on chlorine decay 
 
7.1 Introduction 
 
Bromide concentration in natural water differs widely based on the height above the sea level, the 
geographical situation of the natural water source and human activities (Cook and Drikas, Good and 
VanBriesen, 2016, McDonald et al., 2011a). Furthermore, some other contaminants like bromide in 
biocides, pharmaceuticals, dyes, photographic chemicals, agriculture chemicals and flame retardants 
act as sources of bromide (Winid, 2015). 
The reactivity of bromide and chlorine with the dissolved compounds depend on the type of organic 
matters, pH, temperature, ammonia and possibly on trace metals (Deborde and von Gunten, 2008b). 
As described in the literature, each of these above parameters affects on chlorine decay rate in 
different ways. Inorganic substances such as metal ions, manganese, sulphide and ammonia react with 
chlorine faster than it does with organic matter (Warton et al., 2006). Bromide, which is mostly present 
in natural waters in substoichiometric amounts, is typically oxidised by chlorine to bromine. Chlorine 
and bromine hydrolyse analogously in the water producing hypochlorous and hypobromous acids 
respectively. Therefore, chlorine is utilised by bromide for its oxidation along with the NOM present 
in water. 
In water treatment plants, chlorine is typically applied in the form of compressed gas under pressure 
or as a hypochlorite solution (Brown et al., 2011). The dissociation of HOCl and HOBr are reversible 
and depend on both pH and temperature. Higher pH favours the dissociation process (forward 
reaction) while lower pH favours HOCl and HOBr formation (backward reaction) (Brown et al., 2011).    
Chlorine and bromine react at different rates with phenolic compounds, ketones, carboxylic acids etc. 
(Gallard and von Gunten, 2002).  It is easier to form a halogen-carbon bond with bromide than chlorine 
(Hansen et al., 2012). As chlorine is a stronger oxidant than bromine (the reason why it can oxidise 
bromide to bromine) (von Gunten, 2003), it could be expected that it may oxidise organic compounds 
faster than bromine.  This complex interaction may either increase/decrease the overall chlorine 
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decay rate. While there is a lot of literature the impact the bromide has on DBP formation, its impact 
on chlorine decay rate has not been discussed. 
Bromide levels in Australian drinking water sources differ widely. Especially western Australian natural 
water sources contain high concentrations of dissolved bromide (0.4 to 8.45 mg/L), iodide (<0.005 to 
0.593 mg/L) and DOC (0.4 to 16 mg/L) (Gruchlik et al., 2014). With very high concentrations reported 
in Australian water sources, understanding the impact of bromide on disinfection by-products 
formation and decay rates is important.  
This study reports the results of chlorine decay experiments carried out by spiking bromide to raw 
water collected from two drinking water sources in Sydney and Queensland. In selecting the chlorine 
doses and bromide concentrations in water samples, the stoichiometric requirement of chlorine to 
oxidise bromide is calculated as per: 
As shown in the equation 1, bromide is oxidised in the presence of chlorine and reacts with a NOM in 
water. 
2Br- + Cl2                                Br2 + 2Cl-  -------Eq.1  
That is (2*35) 71 mg/L of chlorine will oxidise (2*79.9) 159.8 mg/L of bromide. For stoichiometry, Cl/Br 
ratio is 0.444.   
Cl to bromide ratio is changed to reflect under, the right and over the requirement of stoichiometry 
in experiments to test the decay rates if only chlorine or bromine or combinations of them are present.  
 
7.2 Methodology  
 
The experimental series is slightly different compared to the previous setup. In this study, Orchard 
Hills filtration plant water and raw water from Nepean filtration plant were subjected to chlorine 
decay under different bromide concentrations. Experiments were carried out by filling 200 mL amber 
glass bottles with the raw water, adjusting pH to the desired level and chlorinate as described in 
Chapter 3. The experimental structure was arranged as presented in Table 7.1. Chlorine decay was 
measured at different time intervals.  
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Table 7.1: Experimental summary 
Experiment 
Number 
Experiment Chlorine 
concentration 
used (mg/L) 
Maintained bromide 
concentrations 
(mg/L) 
Cl/Br 
ratio 
1 Observe the effect of 
different bromide 
concentrations on chlorine 
decay (Nepean-2, 6 
samples). 
2.7 0.04 
0.14, 19.3 
 0.24, 11.3 
 0.34 
 0.44 
 0.64 
67.5 
19.3 
11.3 
7.9 
6.1 
4.2 
2 Observe the effect of 
different bromide 
concentrations on chlorine 
decay (Orchard Hill water, 4 
samples). 
3.04 0.045 
 0.145 
 0.245 
 0.345 
66.7 
21.0 
12.4 
8.8 
3 The impact on chlorine 
decay at higher bromide 
levels (Nepean-2, two 
samples), but less than 
stoichiometry requirement 
to oxidise all bromide. 
3.28  
 
1  3.3 
1.3 1 1.3 
4 Measure bromine decay at 
higher bromide levels 
(Nepean-2, two samples), 
but higher than 
stoichiometry requirement 
to oxidise all bromide. 
3.06  9.21  0.33 
3.06  0.045 68 
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7.3 Results and discussion 
 
Characteristics of water samples used in this experiment are outlined in Table 7.2. The pH of the 
samples was adjusted to be around 7.5 before chlorine was dosed. Both samples had similar DOC and 
bromide concentrations, but one (Orchard Hill water) was treated by pre-
chlorination/coagulation/flocculation/rapid sand filtration. 
Table7.2: Water quality parameters of Nepean water and Orchard Hills dam water prior to the 
experiment 
Parameters Nepean -2 raw water Orchard Hill treated water 
DOC (mg/L) 4.4 4.0 
pH 6.9 7.23 
Bromide concentration 
(mg/L) 
0.041 0.045 
 
7.3.1 Chlorine decay rate with low bromide concentrations  
 
Six different bromide concentrations were maintained in Nepean-2 with an initial chlorine 
concentration of 2.7 mg/L while four different bromide concentrations were maintained in Orchard 
Hills raw water with an initial chlorine concentration of 3.04mg/L (Figures 7.1 and 7.2). The presence 
of bromide can produce a false reading in chlorine decay. When there is a sufficient bromide amount 
to react with chlorine, oxidised bromide such as HOBr and OBr- can also be produced. The reaction of 
HOBr and OBr- with DPD (N,N-diethyl-p-phenylenediamine)is analogous to that with HOCl and OCl-. 
Hence they are also read as chlorine. To reflect this deficiency, the y-axis is labelled as chlorine 
equivalent.  
There was no significant difference in chlorine decay rates with lower bromide concentrations (<250 
µg/L). Within the first few minutes, chlorine equivalents dropped rapidly, regardless of the bromide 
concentrations and all curves were grouped tightly (Figures 7.1 and 7.2). In all the cases, chlorine was 
more than the stoichiometric requirement (Table 7.1). Calculated chlorine decay rates were 0.0014 h-
1, 0.0016 h-1, 0.0017 h-1, 0.002 h-1, 0.0022 h-1, and 0.005 h-1 when bromide concentrations were 0.041 
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h-1, 0.141, 0.241 , 0.341 , 0.441 and 0.641 mg/L of bromide, respectively. The calculated rates clearly 
show the increase of chlorine decay rate with higher bromide concentrations, but the differences were 
small until bromide concentration increased to or above 340 µg/L in Nepean as well as in Orchard Hills 
water.  
 
Figure 7.1: Chlorine equivalents decay profiles for chlorinated Nepean water at different bromide 
concentrations. 
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Figure 7.2: Chlorine equivalents decay profiles for chlorinated Orchard Hill water at different bromide 
 
7.3.2 Chlorine decay with high bromide concentrations  
 
Experiment 3 was designed to observe the chlorine (equivalents) decay rate in high bromide 
concentrations (1mg/L). Cl to bromide in 3.28 and 1.3 mg-Cl2/L added samples are 3.3 and 1.3 which 
is way higher than the stoichiometric requirement of 0.44. Along with the fact that higher bromide 
concentrations increase chlorine decay, it is also visible that the impact of bromide in decaying 
chlorine is more in lower chlorine concentration than it does to higher chlorine concentration (Figure 
7.3). Furthermore, in this experiment, bromide’s impact has reduced the chlorine level nearly to half 
of the initial value within 2-3 min. For 1.3 mg/L chlorine concentrated sample has the highest impact 
of bromide with the Cl2/Br ratio being 1.3 and has caused the highest rate of decay compared to 3.28 
mg/L concentration. When the chlorine amount is 3.28 mg/L with 0.041mg/L bromide concentration, 
the decay rate is 0.0024 h-1 while 1.041 mg/L bromide concentration gives 0.0127 h-1 decay rate. 
Therefore, the 1mg/L bromide concentration has increased the chlorine decay five times than the 
normal rate.  
Experiment 4 was setup to eliminate the chlorine molecule’s impact on NOM when creating 
brominated DBPs. When both chlorine and bromide are present in water they react with each other 
and bromide gets oxidized by chlorine to produce hypobromous acid (HOBr) and hypobromite among 
which, HOBr is the deciding factor in making brominated-THMs when NOM is also present in water 
with organic matter (Cook and Drikas, 2011). It is also proven that Br-C bond is easier to form than Cl 
–C bond and HOBr is 25 times stronger than HOCl in halogen substitution for THM formation which 
makes it easier to form brominated THMs (Chang et al., 2001).  
Under these conditions the presence of bromine can be a highly significant factor in chlorine decay 
and THMs formation. The hypobromous acid oxidation and substitutive reactions with DOM (dissolved 
organic matter) create brominated THMs. These compounds reacting at the same time with chlorine 
creates Br-Cl-THMs. At 250C, pKa for HOBr has a relatively higher value of 8.7 compared to HOCl, which 
is 7.54 and therefore it reacts very effectively with DOC and creates brominated THMs in favourable 
conditions (Deborde and von Gunten, 2008b). 
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(A)  
 
 
 
 
 
 
 
 
(B) 
 
Figure 7.3: Chlorine equivalents decay profiles for different initial chlorine dosed Nepean water with 
1mg/L bromide. A: Initial chlorine concentration 3 mg/L, B: Initial chlorine concentration 1.3 mg/L    
 
To lower/ remove the chloride impact, an excess amount of bromide moles were added (Cl/Br ratio 
of 0.33 (<0.44)). The idea behind using this much amount of chlorine and bromide is, to use all chlorine 
for the oxidation of bromide and to measure bromine decay rate. Therefore, all added chlorine in the 
water will only be consumed by the bromide ions and being oxidized to hypobromous acids. Figure 
7.4 clearly shows that the bromine decay rate is faster than the chlorine decay rate. 
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Figure 7.4: Chlorine equivalents decay profiles when 9.21 mg/L bromide with 3.06 mg/L chlorine and 
3.06 mg/L chlorine alone in Nepean raw water 
 
The bromine reacts faster with NOM (Fig 7.4 blue curve) than chlorine does in the same sample. 
Moreover, bromine has reacted with higher amounts of organic matters than chlorine did. When 
compared the two decaying graphs, bromine decays very faster in first few minutes almost reducing 
the HOBr concentration into half of the initial concentration and later decays almost parallel to the 
decay of chlorine. This behaviour could have occurred due to the presence of some organic matters 
which reacted only with HOBr due to its higher oxidation power.  
When these results are analysed, higher bromide level can increase the chlorine decay rate, and after 
a certain period, the remaining free chlorine amount in a water sample might be considerably lesser 
than the expected value if the dissolved bromide concentration of the source water is high. If the 
chlorine level does not persist in water as expected, the disinfection process could be affected. To 
avoid such situations, measuring bromide level in water in advance is important to determine the 
proper amount of chlorine that is needed to be added for disinfection. 
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7.4 Summary 
 
Bromide concentration impacts the chlorine decay rate. Higher bromide levels (>0.3 mg/L) impact  
more on chlorine decay by escalating the rate while lower bromide level (<0.3 mg/L) impact on 
chlorine decay rate is comparatively less. 
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Chapter 8 
Prediction of THM in water samples 
 
Having learnt that the yield is constant mostly for given water, it is now possible to predict the THM 
concentration if chlorine concentration is known at any given point irrespective of the season and 
location. The worst-case scenario could also be evaluated with the yield concept.  
For example, if we take an example water supply system and three customers living at two different 
locations of the system (Figure 8.1) supplied with the water (DOC is 3 mg/L, pH is 7.5, bromide 
concentration varies based on season), then chlorine concentration at any point can be predicted 
using the model proposed by Kastl et al., 1996 and Fisher et al., 2016. If the measured bromide 
concentration initial dose of chlorine in different seasons and predicted levels of chlorine from the 
models are as in Table 8.1 for winter and summer, then the THM concentration at any point can be 
predicted (Table 8.1). From this, a decision as to whether to treat the water to remove bromide or 
DOC to decrease chlorine decay or THM formation can be undertaken. For example, clearly, the 
bromide concentration and increased DOC are the issues that play a key role is increasing the yield 
and chlorine decay rate to induce necessity to increase chlorine dosing.  
 
Figure 8.1: Schematic of an example water supply system 
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Table 8.1: example prediction of THM concentrations  
 winter Summer 
 
DOC 3.5 4.5 
 
Initial chlorine (mg-Cl2/L) 3.0 5.0 
 
Temperature (oC) 15 23 
 
Bromide (mg/L) 0.05 0.2 
 
Yield read from Fig. 6.4 
(µg/mg) 
35 45 
 
Predicted at site 1 (Cl1) 1.2 1.0 
 
Predicted at site 2 (Cl2) 0.5 0.3 
 
Worst case 0.2 0.2 
 
Predicted THM at site 1 (µg/L) (3.0-1.2)*35 = 63 (5.0-1.0)*45=180 
 
Predicted THM at site 2 (3.0-0.5)*35 = 87.5 (5-0.3)*45 = 211.5 
 
Worst case (3-0.2)*35 = 98 (5-0.2)*45 = 216 
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8.1 Summary  
 
Understanding how the yield varies with bromide concentration and other parameters has proven to 
be useful and simple relationship could be used to predict. This would also pave the way to devise an 
alternative water treatment strategy. Such strategy can be evaluated in the laboratory and modelling 
rather than waiting for the results to come from real system measurements as in the case of THMFP 
which does not take into account of the distribution system or operating conditions.    
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Chapter 9 
Conclusions and further 
recommendations 
 
9.1 Conclusions  
 
THM is one of the major concerns in the water treatment process regarding public health. THMFP has 
been traditionally used in the scientific investigation and operational control. The use of THMFP 
restricted the understanding of how to deterministically predict and control THM. This research 
explored the possibility of using an alternate approach – TTHM yield. The TTHM produced per chlorine 
reacted. This could be defined both in mass units or in molar units. 
Six water sources with SUVA ranging from 1.73 to 3.83 were used in this study: namely, Nepean water 
(sampled thrice), Orchard Hills water (sampled once), Petrie water (sampled once), North Pine water 
(sampled twice), Wyong water (sampled twice) and Mt. Crosby water (sampled once). Except for 
Orchard Hills and the first sample of North Pine, all the other water sources are collected before the 
conventional treatment (pre-chlorination /coagulation /flocculation /sedimentation). Mt. Crosby 
water sample was collected and treated with ferric chloride in the laboratory, and the treated water 
was used in the experiments. All water samples were subjected to different doses of chlorine, and the 
samples were let to produce THM under different circumstances depending on the experimental 
design.  
Higher the DOC level higher is the THM production, and higher the chlorine dosed higher the THM 
production. This complication was simplified when the yield concept was introduced, i.e., DOC level 
in raw water had little influence on the yield.  However, the Cl/Br ratio had a considerable impact on 
the species of THM formed. When such ratio is higher, more chlorinated THM, such as chloroform and 
bromodichloromethane, were formed. When the Cl/Br ratio is lower, more brominated THMs, such 
as bromoform and dibromochloromethane, were formed. However, bromoform occurrence during 
chlorination is rare due to the high Cl/Br ratio. In general, the mass yield values of the treated water 
with lower DOC were lower compared to raw waters with higher DOC values.  
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Within the tested range (7.5 to 8.6) of pH, the yield did not change much, and the dose did not affect 
much. The reason why dose did not affect is related to a somewhat high Cl/Br ratio.  
Bromide had the highest impact on the mass-based TTHM yield. The most interesting observation of 
the bromide related studies was, the common trend that followed by all the water sources regardless 
of the chlorine concentration, pH level or NOM characteristics. This finding, therefore, allows one to 
predict the TTHM at any given time if one knows how much chlorine is dosed and what is the 
concentration at that time TTHM level has to be determined. This finding, however, does not allow 
the prediction of the concentration of individual species.   
The molar yield as opposed to the mass-based yield has also shown very interesting and unique 
characteristics. For all tested waters, the molar yield was constant 25.5±1.5 µmol TTHM per mmol of 
chlorine. The fraction of concentration of THM species (say chloroform) at any given moment after 
chlorination, except for the first few minutes, was constant and is determined by the initial bromide 
concentration present in the water. This leads to the easy prediction of THM not only at TTHM level 
but also at species level using only three parameters: bromide, chlorine dose and chlorine 
concentration at the point of interest. 
Moreover, higher bromide concentrations increased chlorine decay under normal treatment 
conditions.  
  
9.2 Further recommendations 
 
The impact of treatment to remove DOC on TTHM yield has to be studied further. Raw water DOC 
levels do not heavily impact TTHM yield while treated water had a different pattern. Therefore, the 
change in organic characteristics due to treatment has to be also investigated to find solutions 
between DOC, carbonic structure and TTHM yield. 
The impact of pH level on TTHM yield has to be further justified by utilizing more water sources with 
a range of pH levels.  
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Appendix  
 
Section 1 - THM analysis 
THM measurements were taken in two laboratories; Western Sydney University and Sydney Water 
Corporation. Nepean 1 and Nepean 2 THM results were obtained in Western Sydney University 
laboratory following the procedure presented in Chapter 3. Due to a technical problem occurred in 
Gas Chromatograph the rest of the samples (Nepean-3, Wyong, North Pine, Petri and Mt. Crosby) 
were out housed for THM analysis. Hence, Nepean 1 and 2 results were disregarded in Chapter 6 of 
this study.  
The Nepean-1 and Nepean-2 THM experiment details are mentioned below. 
 
Table1.1: THM measurements of Nepean water-2 
 Time (min) CHCl3 
(µg/L) 
CHCl2Br 
(µg/L) 
CHClBr2 
(µg/L) 
CHBr3 
(µg/L) 
TTHM 
(µg/L) 
  0 0 0 0 0 0 
R1+Cl only 7 18.43 4.99 0.99 0 24.41 
R+Cl+100 Br2 9 12.31 9.65 5.10 0 27.06 
R+Cl+200 Br 13 14.56 12.50 11.67 2.9 41.62 
R+Cl+300 Br 12 11.47 11.99 15.28 6.88 45.62 
         
R+Cl only 163 37.9 15.33 2.12 0 55.35 
R+Cl+100 Br 95 23.67 24.8 11.44 1.14 61.05 
R+Cl+200 Br 64 21.11 32.76 26.66 5.7 86.23 
R+Cl+300 Br 100 15.13 30.88 37.3 12.65 95.96 
         
R+Cl only 270 43.56 17.9 2.52   63.98 
R+Cl+100 Br 257 32.71 34.88 15.46 1.56 84.61 
R+Cl+200 Br 325 26.09 41.65 31.56 6.18 105.48 
R+Cl+300 Br 295 18.67 40.26 43.36 13.04 115.33 
         
R+Cl only 3000 69.07 26.85 3.70 0 99.62 
R+Cl+100 Br 3000 53.22 49.76 20.21 1.95 125.14 
R+Cl+200 Br 3000 40.36 58.18 39.14 6.39 144.06 
R+Cl+300 Br 3000 31.57 58.84 55.70 15.75 161.87 
1R indicates the raw Nepean water with 41 µg/L bromide concentration 
2Cl indicates the chlorine equivalent added to raw water 
3100 Br indicates that bromide was added to increase the bromide concentration by 100 µg/L.  
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4Error in THM measurements is ±2% 
Table1.2: Bromide and chlorine concentrations used in experiments 
Water source Chlorine concentration used 
(mg/L) 
Maintained bromide 
concentrations (mg/L) 
Nepean water- 1 
Autumn 2016 
2.74 0.043 
0.193 
0.343 
Nepean water- 2 
Winter 2016 
2.99 0.041 
0.141 
0.241 
0.341 
0.441 
0.641 
 
 
Figure: Nepean water-1 and 2 TTHM yield change with bromide concentration 
0
10
20
30
40
50
60
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
TT
HM
 y
ie
ld
 (u
g/
m
g)
Bromide concentration (mg/L)
Nepean-1
Nepean-2
103 
 
Section 2 - Orchard Hills water 
Orchard Hills water was collected from the Orchard Hills water treatment plant and the water was 
already subjected to conventional treatment and primary chlorination. The water already had 91.79 
ug/L amount of TTHM before the second chlorination carried out in the laboratory.  
 
Section 3 - Measuring UV absorbance  
The UV absorbance of the samples (Table 4.2) were measured after a year from collecting. The 
samples were stored under 40C throughout the year. However, a yearlong period is expected to 
change the NOM characteristics of the samples. The DOC levels used to calculate the SUVA values 
were measured at the time of the samples collected. According to literature, UV absorbance is highly 
affected by the electronic structure of the NOM molecule, pH level, nitrate and ion concentration of 
the water sample. Hence, a long standing time of the samples are expected to have occurred 
molecular deformations, formations, microorganism activities and reactions which might have 
changed the structure of DOC. Furthermore, nitrate and ion concentrations of the samples were not 
measured. pH level was also measured and adjusted at the time of the samples were collected. 
Therefore, the absorbance measured of water samples might not portray the same characteristics of 
water at the time of chlorine decay and THM experiments were conducted. 
